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This  book  contains  basic  data  on  the  construction  of  contem¬ 
porary  solid- propellant  rocket-powered  missiles,  as  well  as  informa¬ 
tion  on  their  most  important  component  parts  and  units.  The  book 
also  outlines  the  methods  employed  to  select  optimum  missile  param¬ 
eters  as  well  as  the  parameters  required  for  the  design  and  planning 
stages  of  missile  warhead  and  rocket  sections;  in  addition,  methods 
are  presented  for  the  determination  of  the  laws  governing  the  com¬ 
bustion  of  solid  propellants  and  the  discharge  of  the  gases  pro¬ 
duced  on  the  combustion  of  the  solid  propellants;  further,  methods 
are  presented  on  the  calculation  of  maximum  pressure  of  solid- 
propellant  combustion  gases,  and  methods  for  the  calculation  of  spe¬ 
cific  Impulse  and  reaction  thrust.  A  complete  system  of  equations 
of  missile  motion  is  presented,  as  well  as  a  method  for  the  cal¬ 
culation  of  missile  trajectory;  the  various  possibilities  of  sta¬ 
bilizing  a  missile  in  flight  are  also  examined.  The  test-stand 
investigations  of  a  solid-propellant  engine  and  missile  firing 
tests  are  described. 

The  book  is  Intended  as  a  text  for  secondary  educational  in¬ 
stitutions;  at  the  same  time,  it  may  be  useful  for  students  of 
higher  educational  institutions  as  well  as  for  engineers  who  are 
specializing  in  the  field  of  rocket-system  design. 
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FOREWORD 


React ion- thrust  systems  employing  power  plants  operating  on 
solid  propellants  are  In  wide  use  In  various  areas  of  rocket  en¬ 
gineering  . 

Solld-propellant  engines  are  comparatively  simple  In  design, 
they  are  mobile,  convenient  In  operation,  and  yet  sufficiently  reli¬ 
able  and  effective.  In  the  opinion  of  foreign  specialists,  achieve¬ 
ments  In  the  chemistry  of  solid  propellants  and  the  solution  of 
problems  In  the  design  of  large-scale  engines  make  It  possible  to 
regard  this  class  of  power  plants  as  extremely  promising.  It  Is  for 
this  reason  that  In  recent  years  particular  attention  has  been  de¬ 
voted  abroad  to  problems  of  designing  rockets  using  solld-propellant 
engines . 

The  present  book  contains  basic  Information  required  for  the 
design  of  the  simplest  reaction-thrust  systems  Involving  the  use 
of  solld-propellant  engines  —  field-artillery  rocket  shells  employ¬ 
ing  a  powder  charge.  Individual  design  problems  are  discussed  within 
the  scope  of  the  program  of  the  course  taught  In  secondary  educa¬ 
tional  Institutions. 

The  book  consists  of  seven  chapters.  Chapter  1  presents  a  brief 
examination  of  the  basic  stages  In  the  historical  development  of 
rocket  artillery  and  the  characteristics  of  certain  contemporary 
rocket  missile  specimens  using  solld-propellant  engines  are  pre¬ 
sented.  Chapter  2  Is  a  direct  Introduction  to  problems  encountered 
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in  the  design  of  solid-propellant  rocket  missiles.  This  chapter 
undertakes  a  consideration  and  analysis  of  the  tactical-engineer¬ 
ing  problem  of  designing  new  missiles,  and  diagrams  are  examined 
in  detail  with  respect  to  the  design  of  the  most  Important  struc¬ 
tural  elements  of  a  missile;  in  addition,  a  method  is  presented  for 
the  tentative  selection  of  the  basic  parameters  of  the  missile  being 
designed.  Chapters  3  and  5  are  devoted  to  problems  of  working  out 
the  design  of  the  missile  warhead  and  its  power  plant.  The  funda¬ 
mentals  of  the  theory  of  interior  ballistics  for  solid-propellant 
rocket  engines  and  the  elements  of  exterior  rocket-missile  ballis¬ 
tics  are  covered  in  Chapters  4  and  6.  Finally,  Chapter  7  contains 
the  basic  data  on  the  testing  of  experimental  missiles  and  their 
engines . 

Chapters  4  and  6  cover  a  somewhat  greater  scope  than  the  school 
course  in  order  to  make  the  material  contained  in  these  chapters 
more  interesting  and  useful  for  a  wider  circle  of  readers.  All  of 
the  data  and  specific  figures  in  the  book  have  been  taken  primarily 
from  foreign  literature. 

Chapters  1  and  7  of  the  book  were  written  by  V.D.  Kurov, 

Chapter  4  was  written  by  Yu.M.  Dolzhanskly,  and  Chapters  2,  3>  5> 
and  6  were  written  Jointly  by  Dolzhanskly  and  Kurov. 

The  authors  wish  to  express  their  gratitude  to  Professor  V.I. 
Peodos'yev,  who  undertook  the  task  of  examining  the  Initial  manu¬ 
script,  and  the  authors  also  wish  to  express  their  sincere  grati¬ 
tude  to  all  of  the  individuals  who  assisted  them  in  selecting  the 
contents  and  format  of  this  book;  the  authors  wish  especially  to 
acknowledge  the  assistance  and  valuable  advice  given  by  Candidate 
of  Technical  Sciences  M.P.  Dyunze  who  reviewed  the  manuscript. 

The  authors  will  be  glad  to  consider  any  complaints  and  crlti- 
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cal  comments  with  regard  to  the  book  and  request  that  all  Inquiries 
be  addressed  to  the  publishers:  Moscow,  1-51 j  Petrovka  24,  Oboron- 
giz . 


-  4  - 


Chapter  1 

BRIEF  HISTORY  OF  THE  DEVELOPMENT  OF  ROCKET  WEAPONS 
USING  SOLID- PROPELLANT  ENGINES 

There  are  references  In  the  chronicles  of  ancient  India,  China, 
and  other  eastern  countries  to  "flrebolts"  (incendiary  arrows)  — 
the  forerunners  of  powder-propelled  rockets.  Structurally,  these 
were  made  In  the  form  of  a  conventional  arrow  that  terminated  In 
a  bamboo  tube  which  was  filled  with  black  powder  (Fig.  l.l).  As  the 
black  powder  was  Ignited,  the  arrow  flew  forward  under  the  action 
of  a  reactive  force  which  was  produced  by  the  gases  flowing  out  of 
the  tube. 


Pig.  1.1.  "Plrebolt." 


These  "Incendiary  arrows"  were  developed  on  a  large  scale  In 
India.  The  Indians  used  these  arrows  both  for  hunting  as  well  as 
for  such  military  purposes  as  the  repulsion  of  their  enemies.  During 
the  colonization  of  India,  the  British  ran  up  against  the  "rocket 
arrows"  for  the  first  time.  The  British  military  engineer,  William 
Congreve,  undertook  the  study  of  these  rockets.  By  that  time,  the 
Indian  rocket  was  being  made  of  Iron,  and  It  was  fitted  with  a 
pointed  tip,  thus  giving  It  the  appearance  of  sharp  spears.  A  reed 
tube  was  fastened  to  the  body  of  the  arrow  In  order  to  provide 
for  stability  in  flight.  The  British  were  able  to  Increase  the 
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dimensions  of  the  rocket  casing  and  attached  a  wooden  stick  in  the 
place  of  the  reed  at  the  end,  and  in  front  they  installed  a  cap 
with  an  incendiary  charge.  These  rocket-arrows  were  now  so  heavy 
that  it  became  necessary  to  build  special  launching  racks  to  fire 
them. 

The  appearance  of  rockets  in  England  compelled  other  European 
nations  to  undertake  their  use.  In  1867,  on  the  day  that  war  was 
declared  between  Denmark  and  England,  British  naval  vessels  attacked 
the  city  of  Copenhagen  and  fired  some  40,000  rockets  at  the  city. 

As  a  result,  the  entire  city  was  engulfed  in  flames,  and  Denmark 
was  forced  to  capitulate.  After  this  one-day  war,  the  Dane,  Shumakher 
[sic],  designed  his  own  rocket  on  the  basis  of  the  one  used  by  the 
British,  and  this  Danish  rocket  was  essentially  the  same  as  the 
one  used  by  the  British,  with  the  exception  that  it  had  a  removable 
warhead  that  was  fastened  to  the  combustion  chamber  by  means  of 
tape  which  burned  up  during  the  flight,  and  in  addition,  the  powder 
cavity  of  this  rocket  was  somewhat  larger. 

The  Austrian,  Avgustin  [sic],  having  studied  the  British  and 
Danish  rockets,  constructed  a  rocket  missile  or  the  basis  of  these 
forerunners,  which  was  structurally  a  riveted  iron  casing  filled 
with  a  powder  charge  throughout  its  entire  length.  The  forward  part 
of  the  casing  was  filled  either  with  an  incendiary  charge  or  a  shot 
grenade.  The  flight  of  this  missile  was  stabilized  by  means  of  a 
stick  attached  to  the  side  of  the  casing. 

A  description  of  the  first  Russian  rocket  appears  in  the  "Re¬ 
gulations”  of  Onlsim  Mikhalyov,  written  by  him  in  l607-l621.  Struc¬ 
turally,  these  rockets  were  made  in  the  form  of  a  shell  (along  the 
lines  of  an  artillery  shell),  and  they  were  filled  with  a  special 
powder  charge  shaped  so  as  to  have  a  channel  (”a  rocket  void")  on 
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the  Inside.  At  that  time,  there  was  no  theoretical  Justification 
for  the  need  of  this  channel.  The  channel  was  made,  because  it  had 
been  established  in  practice  that  it  served  to  increase  reaction 

During  the  reign  of  Peter  I 
rockets  came  into  ever-increasing 
use.  During  this  period,  the  numer¬ 
ous  holidays  on  the  occasion  of 
Russian  military  victories  were 
generally  celebrated  by  tremendous 
exhibitions  of  fireworks  which  em¬ 
ployed  the  principle  of  rockets. 

At  the  same  time,  rockets  came  into 
widespread  use  in  the  army.  An  ex¬ 
tremely  successful  rocket  was  designed  in  1707,  and  this  signal 
rocket  remained  in  the  arsenal  of  weapons  for  almost  150  years . 

The  first  Russian  military  rockets  were  designed  by  Aleksandr 
Dmltrlyevlch  Zasyad'ko  (1779-1838) •  He  designed  demolition  and  in¬ 
cendiary  rockets  of  three  calibers:  2,  2.5,  and  4  inches.  Struc¬ 
turally,  Zasyad'ko 's  rockets  were  made  with  cylindrical  iron  casings 
filled  with  powder,  and  a  conical  channel  was  drilled  into  the 
charge,  said  channel  extending  3/4  of  the  length  into  the  charge. 

A  perforated  cap  filled  with  an  incendiary  mass  [paste]  was  mounted 
at  the  front  end  of  the  rocket  casing.  Flames  shot  out  of  the  open¬ 
ings  of  the  perforated  cap  (in  the  zone  of  rocket  Impact),  igniting 
all  objects  in  the  vicinity.  A  wooden  stick  was  mounted  at  the  rear 
end  of  the  rocket  in  order  to  achieve  flight  stability. 

Thus  was  built  the  first  Russian  incendiary  rocket .  The  con¬ 
struction  of  a  demolition  rocket  is  in  no  way  different  from  that 
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thrust 


Pig.  1.2.  Rocket  missile  de¬ 
signed  by  A.D.  Zasyad'ko. 
a)  Incendiary  rocket;  b)  demo¬ 
lition  rocket. 


of  an  incendiary  rocket j  the  only  exception  here  Is  the  fact  that 
Instead  of  a  cap  with  an  Incendiary  paste,  a  round  shell  con¬ 
taining  explosives  (Pig.  1.2)  Is  attached  to  the  casing. 

A.D.  Zasyad'ko  designed  a  launching  Installation  for  the  fir¬ 
ing  of  his  rockets;  this  installation  consisted  of  tubes  mounted 
on  a  tripod  so  that  It  could  rotate  freely  in  both  the  horizontal 
and  vertical  planes.  Such  a  launching  device  was  easily  portable 
and  could  be  set  up  in  any  small  area,  thus  attaining  greater 
maneuverability . 

Because  of  Its  small  weight  and  simplicity  of  design,  a  great 
number  of  these  launching  installations  could  quickly  be  concen¬ 
trated  in  a  given  sector,  thus  making  it  possible  to  mount  massive 
fire  power  against  an  enemy.  Later  on,  Zasyad'ko  designed  launching 
Installations  which  made  it  possible  to  fire  simultaneous  salvos 
of  six  rockets.  These  Installations  were  also  unique  in  the  simplicity 
of  their  design  and  limited  weight. 

During  the  period  being  described,  the  successful  waging  of 
military  campaigns  depended  in  great  measure  on  the  ability  to 
defend  and  take  fortresses.  Special  means  were  developed  for  the 
capture  and  defense  of  fortresses.  The  Russian  general  A. A.  Shil'der 
developed  a  new  system  of  fortress  defense  Involving  the  use  of 
rocket  missiles.  He  also  developed  an  underwater  craft  to  operate 
in  minor  bodies  of  water;  this  craft  was  armed  primarily  with 
rocket  missiles  which  could  be  launched  electrically  both  beneath 
the  surface  as  well  as  from  the  surface.  This  application  of  rocket 
missiles  was  yet  another  important  achievement  In  the  area  of  Rus¬ 
sian  rocket  engineering. 

The  eminent  Russian  designer- rocketeer  Konstantin  Ivanovich 
Konstantinov  (1819-I871)  began  his  activities  in  this  same  period 
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of  widespread  development  of  Russian  rocket  engineering.  One  of 
Konstantinov's  first  Inventions  was  the  electroballlstlc  installa¬ 
tion  for  the  measurement  of  missile  velocity  during  flight  (on  Its 
trajectory) . 

In  1847-1850,  K.I.  Konstantinov,  using  his  electroballlstlc 
installation  as  the  basis,  designed  a  remarkable  device  —  a  rocket 
electroballlstlc  pendulum.  This  device  makes  it  possible  to  con¬ 
struct  the  curve  of  change  In  missile  reaction  force  during  missile 
flight.  The  existence  of  this  device  made  It  possible  to  undertake 
a  solution  of  the  problems  associated  with  range  and  accuracy  of 
missile  flight  over  a  given  trajectory  on  a  scientific  basis. 

Both  of  the  devices  produced  by  K.I.  Konstantinov  made  It 
possible  to  lay  the  foundations  of  the  theory  of  interior  and  ex¬ 
terior  ballistics  for  rocket  missiles.  On  the  basis  of  his  research, 
Konstantinov  sought  to  design  new  rockets  which  could  achieve  the 
firing  accuracy  of  artillery  weapons. 

Prior  to  this,  rockets  of  identical  caliber  and  designation, 
and  even  rockets  produced  in  a  single  production  batch,  exhibited 
substantial  production  deviations,  thus  sharply  reducing  the  accu¬ 
racy  of  their  firing.  After  a  number  of  investigations,  K.I.  Kon¬ 
stantinov  established  that  it  was  impossible  to  obtain  stable 
rocket  characteristics  under  the  existing  methods  of  production. 

It  Is  for  this  reason  that  he  Implemented  a  series  of  measures  in¬ 
tended  to  obtain  technological  uniformity  for  the  production  of 
rockets.  New  machines  and  mechanisms  were  installed  in  the  rocket 
institution  for  the  production  of  casings,  the  drilling  of  chan¬ 
nels  Into  the  powder,  the  preparation  of  uniform  rocket  mixtures, 
etc . 

In  addition  to  improving  production,  Konstantinov  did  much  In 
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the  field  of  improving  the  design  of  the  rocket  systems  themselves. 
For  example,  he  proposed  a  dry  method  of  filling  the  rocket  casings 
with  powder  in  order  to  Increase  the  accuracy  of  firing  with  rocket 
missiles  and  to  increase  the  length  of  time  for  which  these  mis¬ 
siles  could  be  stored;  in  addition,  he  selected  the  optimum  shape, 
weight,  and  dimensions  of  rocket  missiles  in  order  to  attain  the 
greatest  flight  range.  He  also  improved  the  design  of  the  launching 
installations  —  they  became  more  stable,  and  the  rockets  could  be 
housed  in  these  installations  with  smaller  clearances,  thus  making 
it  possible  to  obtain  more  stable  missile  characteristics  on 
departure  from  the  guide  rails,  and  consequently,  it  was  possible 
to  obtain  greater  firing  accuracy  in  flight. 


Pig.  1.3.  Rocket  missile  from  the  l860's. 


All  of  the  above- enumerated  measures  made  it  possible  to  pro¬ 
duce  domestic  rocket  missiles  exhibiting  the  best  characteristics 
both  with  respect  to  firing  accuracy,  as  well  as  with  respect  to 
range  in  comparison  with  rocket  missiles  produced  by  other  govern¬ 
ments  (Great  Britain,  Prance,  Austria,  etc.). 

Three  basic  rocket-missile  calibers  were  selected  in  Russia: 

2,  2.5,  and  4  Inches  (102,  64,  and  51  mm  [sic]). 

In  terms  of  designation,  the  rockets  were  subdivided  into 
field  rockets  armed  with  explosive  shells  and  shot,  and  fortress 
rockets  which,  in  addition  to  the  demolition  charges,  were  also 
armed  with  incendiary  and  illumination  charges. 

Rockets  attained  a  range  of  4000-4500  m,  with  a  lateral  devia¬ 
tion  of  30  m.  An  example  of  this  type  of  missile  design  is  presented 
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Pig.  1.4.  For  the  selection  of  Fig.  1.5.  Rocket  missile  de- 

the  optimum  thickness  e  of  the  signed  in  accordance  with 

"blind"  propellant  graTn  (£  is  Konstantinov's  system,  l862. 
the  optimum  thickness) . 

1)  "Blind"  grain. 

in  Fig.  1.3. 

By  the  middle  of  the  19th  century,  the  European  armies  were 
already  using  rifled  bores,  whereas  in  Russia  smooth-bore  weapons 
were  still  in  use.  This  backwardness  in  the  armament  of  the  Russian 
army  had  to  be  overcome.  In  this  connection,  military  specialists 
in  the  Russian  press  started  expounding  the  idea  that  rocket  systems 
were  obsolete  and  that  it  would  be  necessary  to  replace  these  with 
systems  Involving  rifled  artillery;  the  positive  aspects  of  rocket 
weaponry  were  deliberately  covered  up,  and  only  the  shortcomings  of 
rockets  were  stressed.  However,  Konstantinov  and  his  followers 
wrote  articles  against  this  underestimation  of  rocket  weapons  and 
continued  to  work  on  the  theory  and  design  of  rocket  missiles. 

In  particular,  Konstantinov  established  that  the  entire  powder 
(propellant)  charge  does  not  participate  in  the  development  of 
reaction  force,  but  only  that  portion  in  which  there  is  an  inter¬ 
nal  channel,  and  a  portion  of  the  blind  (without  channel)  charge, 
the  length  of  which  must  be  equal  to  the  thickness  of  the  propellant 
spacer  (Pig.  1.4).  Later  on,  he  established  that  if  the  length  of 
the  blind  charge  is  greater  than  the  thickness  of  the  propellant 
spacer,  the  center  of  missile  gravity  shifts  more  significantly 
during  the  combustion  of  the  powder,  causing  the  trajectory  of  mis- 
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slle  flight  to  change  during  the  active  phase,  and  as  a  result  we 
have  great  scattering  of  the  rockets. 

A  reduction  In  the  length  of  the  blind  charge  to  the  thickness 
of  the  propellant  spacer  Inunedlately  eliminated  this  shortcoming 
from  the  rockets,  and  this,  of  course,  had  an  Immediate  positive  ef¬ 
fect  on  the  accuracy  of  firing.  In  addition,  this  step  served  to 
eliminate  yet  another  shortcoming  that  was  Inherent  not  only  in 
rockets,  but  In  the  artillery  missiles  of  the  time;  this  shortcoming 
Is  related  to  the  spherical  shape  of  the  missile  head.  Konstantinov 
not  only  proposed  to  replace  the  spherical  heads  with  heads  that 
were  somewhat  elongated,  but  he  lengthened  the  guide  rails  of  the 
launching  installation  as  well.  The  guide  rails  were  somewhat  too 
short  and  as  a  result  the  missiles  left  the  guide  rails  at  a  time 
when  the  charge  had  not  yet  entered  the  stage  of  complete  combus¬ 
tion,  i.e.,  under  the  action  of  incomplete  reaction  force.  As  a 
result,  the  initial  segment  of  the  trajectory  was  observed  to  sag, 
the  missile  would  deviate  from  its  assigned  heading,  etc.,  and  this 
sharply  reduced  the  firing  characteristics  of  the  rockets.  Konstan¬ 
tinov  also  proposed  a  new  design  for  the  empennage  of  the  rocket, 
reducing  its  length  by  one  half. 

All  of  these  innovations  sharply  increased  range  and  the  firing 
characteristics  of  the  rocket  missiles.  An  exanple  of  a  rocket- 
missile  designed  by  Konstantinov  in  l862  is  presented  in  Pig.  1.5. 

Despite  the  number  of  achievements,  in  1887  rocket  weapons  in 
Russia  were  officially  removed  from  the  arsenal  of  armaments,  but 
the  production  of  rockets  continued  until  1908,  since  they  still 
found  application  during  the  military  expeditions  carried  out  by 
the  Russian  army  as,  for  example,  in  Central  Asia.  Certain  types  of 
rockets  —  signal  rockets,  rescue  rockets,  and  illumination  rockets  — 
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remained  in  the  armament  of  the  army  even  after  the  closing,  in 
1910,  of  the  Nlkolayevskiy  Rocket  Institution,  the  chief  supplier 
of  rockets.  However,  despite  the  official  rejection  of  rockets, 
work  on  their  improvement  continued.  Along  these  lines,  we  should 
mention  the  work  of  Pomortsev  in  the  area  of  improving  rocket- 
missile  design.  Pomortsev  proposed,  in  particular,  that  rockets  be 
stabilized  not  by  means  of  long  tall  sections,  as  was  the  case  be¬ 
fore,  but  by  means  of  annular  stabilizers  whose  dimensions  virtually 
did  not  exceed  those  of  the  rocket.  He  also  proposed  rockets  that 
would  function  on  compressed  air. 


Pig.  1.6.  The  m8  rocket  missile  (USSR),  caliber 
82  mm,  launching  weight  8  kg,  maximum  velocity 
315  ra/sec.  1)  Warhead;  2)  combustion  chamber 
(with  fixed  forward  plate);  3)  nozzle;  4)  cowl¬ 
ing;  5)  stabilizer. 


Pig.  1.7.  The  MI3  rocket  missile  (USSR),  caliber  132  mm, 
launching  weight  42.5  kg.  maximum  velocity  355  m/sec. 
ij  Warhead;  2)  spacer;  3)  combustion  chamber;  4)  nozzle; 
5)  cowling;  6)  stabilizer. 


In  addition  to  the  development  of  new  designs,  Russian  scien¬ 
tists  worked  on  a  series  of  significant  theoretical  problems  in  rocket 


-  13  - 


engineering . 

It  is  well  known  that  the  mass  of  the  rocket  in  the  active  seg¬ 
ment  of  the  trajectory  continuously  undergoes  change  as  a  result  of 
the  combustion  of  the  propellant  and  the  exhaust  of  the  propellant 
gases.  This  made  the  calculation  of  the  exterior  rocket  ballistics 
extremely  difficult.  The  solution  to  the  problem  of  the  motion  of 
a  body  with  a  variable  mass  in  air  was  sought  by  many  Investigators 
abroad,  but  only  our  scientists  were  able  to  solve  this  problem, 
thus  laying  the  foundations  for  subsequent  work,  resulting  in  the 
final  analysis  in  the  development  of  contemporary  rockets. 

The  problem  of  the  motion  of  rockets,  as  a  special  case  of  the 
motion  of  a  body  with  a  variable  mass,  was  solved  by  Professor  I.V. 
Meshcherskly  in  1895.  He  proposed  a  mathematical  expression  for  the 
determination  of  rocket  velocity  and  the  distance  covered,  which 
was  a  function  of  air  resistance,  gravitational  forces,  propellant 
weight,  gas  pressure,  and  exhaust  velocity. 

In  1897^  Meshcherskly  published  yet  another  work.  In  which  he 
presented  the  equations  of  the  mechanics  for  the  motion  of  bodies 
of  variable  mass,  and  In  1904  he  provided  the  solution  to  yet  an¬ 
other  Important  problem  on  the  motion  of  a  body  with  the  simul¬ 
taneous  addition  and  removal  of  mass  from  the  body,  thus  laying  the 
groundwork  for  the  theory  of  air- reaction  engines. 

The  work  of  another  Russian  scientist  —  K.E.  Tslolkovskly  — 
also  became  well  known  throughout  the  world.  In  1903>  he  published 
the  work  ''Investigation  of  Space  by  Means  of  React  Ion- Thrust  De¬ 
vices,"  In  which  Tslolkovskly,  for  the  first  time  anywhere,  de¬ 
veloped  the  theory  of  rocket  flight  Into  outer  space.  In  particular, 
he  proposed  a  liquid-fuel  rocket  engine  (ZhRD)  with  all  of  Its  basic 
units  —  a  pump  for  the  supply  of  propellant  to  the  combustion  chamber. 


-  14  - 


01^ 

012U 


a  device  for  the  cooling  of  the  combustion  chamber  by  means  of  one 
of  the  propellant  components,  an  expanding  Jet  nozzle,  etc. 

K.E.  Tslolkovskly  also  proposed  the  Idea  of  artificial  satel¬ 
lites  of  the  earth  and  planets,  setting  down  the  principal  struc¬ 
tural  diagrams .  The  derivation  of  the  formulas  for  the  determina¬ 
tion  of  rocket-flight  velocities  at  any  point  of  the  active  phase 
of  the  trajectory  Is  also  credited  to  him. 

These  works  and  a  number  of  others,  produced  both  in  Russia 
as  well  as  abroad,  permitted  many  scientists  subsequently  to  return 
to  the  idea  of  developing  rocket  weapons,  but  now  they  were  In  a 
position  to  work  on  a  higher  theoretical  level. 

After  the  October  Revolution  in  our  country,  scientists  and 
designers  achieved  the  necessary  conditions  for  the  continuation 
of  work  In  the  area  of  improving  rockets.  As  a  result  of  these 
works,  reaction- thrust  missiles  of  the  following  calibers  were  de¬ 
signed:  82,  132,  and  300  mm  (Figs.  1.6,  1.7>  and  1.8),  which  were 
used  successfully  at  the  front  during  the  Great  Fatherland  War. 


Fig.  1.8.  The  M31  rocket  missile  (USSR),  caliber  300  mm, 
launching  weight  9^.6  kg.  maxlmiim  velocity  255  m/sec. 

1)  Warhead  (assembly);  2)  combustion  chamber  (made  In  a 
single  unit,  together  with  the  nozzle);  3)  cowling; 

4)  stabilizer;  5)  stabilizer  guide  ring. 

It  was  during  the  1930 's  that  all  countries  undertook  the  most 
serious  development  of  rockets.  In  Germany  these  projects  were  being 
worked  on  particularly  intensively.  In  1931 »  the  Germans  developed 
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a  solid-propellant  rocket  missile,  but  this  was  not  completed  until 

1935. 

In  1936,  Germany  set  up  special  organizations  that  were  re¬ 
sponsible  for  the  design  and  production  of  rocket  weapons  exclusively. 
Later  on,  an  ever-increasing  number  of  scientists  Joined  these  or¬ 
ganizations,  as  well  as  scientists  and  commercial  firms  from  coun¬ 
tries  occupied  by  Germany. 

In  19^1,  the  Germans  began  using  a  mult iperf orated  grain  and 
they  also  began  work  on  the  design  of  the  "D"  mortar-firing  system, 
which  fired  a  158-mm  rocket  missile.  Subsequently,  on  the  basis  of 
this  missile,  they  developed  a  300-mm  fragmentation-demolition 
shell,  as  well  as  a  280-mm  demolition  and  210-  and  320-mm  incendiary 
shells.  During  the  course  of  the  war,  the  Germans  developed  80- 
and  150-mm  rocket  missiles. 

It  should  be  pointed  out  that  the  German  reaction-thrust  mis¬ 
siles  were  turbojet  missiles  for  the  most  part  and  therefore  ex¬ 
hibited  rather  high  firing  accuracy.  The  German  launching  installa¬ 
tions  made  it  possible  to  fire  a  salvo  of  only  5-10  rocket  missiles, 
and  this  did  not  provide  sufficient  fire  power. 

The  Germans  were  the  first  to  develop  and  use  long-range 
liquid-fuel  rockets  (V-2)  and  pilotless  airplane-missiles  with  air- 
reaction  engines  (V-l)  for  military  purposes.  In  Pig.  1.9  we  pre¬ 
sent  diagrams  of  several  types  of  German  rocket  missiles. 

In  addition  to  Germany,  the  British,  although  admittedly  not 
as  intensively,  were  working  on  the  design  of  rocket  missiles.  Here 
the  work  was  directed  primarily  toward  means  of  defense  against 
the  rapidly  developing  bomber- aircraft  forces.  It  was  for  this, 
purpose  that  the  British,  in  1938,  developed  the  76-mm  antiaircraft 
solid-propellant  rocket  whose  weight  came  to  22.4  kg,  which  carried 
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Pig.  1.9.  German  rocket  missiles  from  the  Second 
World  War.  a)  210-mm  fragmentation-demolition 
missile;  b)  the  antiaircraft  missile  "Luftfaust"; 

c)  the  antiaircraft  missile-mothership  "Rhelnkind" ; 

d)  a  version  of  the  R-S^  antiaircraft  guided 
rocket  "Rheintochter" . 

an  explosive  charge  weighing  1.6  kg.  This  rocket  played  an  impor¬ 
tant  role  in  the  defense  of  England  against  the  raids  of  German 
aircraft.  Mention  should  also  be  made  of  the  successful  work  done 
in  England  on  the  development  of  aviation  rocket  missiles,  this 
work  begun  in  19^1;  certain  of  these  designs  were  also  taken  over 
by  the  USAF. 

The  United  States  did  almost  no  work  in  rocket  engineering 
prior  to  the  war;  it  was  only  in  1940  that  intensive  planning  for 
military  rockets  was  begun.  First  a  rocket  booster  for  aviation 
bombs  was  developed,  and  this  booster  increased  the  penetration 
capacity  of  the  bomb.  In  addition,  the  improvement  of  the  antitank 
"bazooka"  weapon  continued  until  the  end  of  the  war;  work  on  this 
weapon  was  begun  in  1941.  This  weapon  was  capable  of  destroying  a 
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tank  at  a  distance  of  100-200  m.  By  the  end  of  the  war,  a  new  type 
of  antitank  rocket  had  been  developed;  this  was  the  ”Super-Bazooka” 
which  had  Increased  penetrating  power. 

Much  work  was  done  in  the  USA  during  this  period  on  equipping 
the  Air  Force  and  Navy  with  rockets.  In  December  of  19^4,  a  booster 
engine  was  developed  for  purposes  of  accelerating  the  takeoff  run 
of  an  aircraft  by  a  factor  of  4.  Somewhat  earlier,  in  1942,  naval 
rocket  bombs  weighing  21-29  kg  were  developed  for  antisubmarine 
action.  Launching  racks  for  rocket  weapons  were  demountable  and  were 
installed  on  decks  of  vessels. 

The  Americans  also  did  much  work  on  equipping  naval  and  air¬ 
borne  landing  units  with  rocket  weapons.  However,  rocket  engineering 
in  the  USA  underwent  particularly  great  development  only  in  the 
postwar  period. 

We  will  present  below  data  on  certain  military  rockets  of  the 
USA  and  other  capitalistic  countries. 


THE  "GROUND-TO-GROUND"  CLASSIFICATION  OF  ROCKETS  FOR 
FIRING  FROM  THE  GROUND  AGAINST  GROUND  TARGETS 

SHORT  RANGE  ANTITAM  MISSILES 

The  "Dart"  (USA) 

(Fig.  1.10) 

Basic  Missile  Characteristics 


Length .  1.32  m 

Wingspan .  1.27  m 

Span  of  tall  unit .  0.914  m 

Engine . . .  Solid- propellant 

rocket  (PRD) 


Pig.  1.10.  The  antitank  missile  ^’Dart"  (USA) 
on  its  launching  Installation. 
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The  "891  Vlckers-Armstrong"  (Great  Britain) 
Basic  Missile  Characteristics 


Length  .  O.819  m 

Tail  unit  span  .  0.279  m 

Caliber  .  Il4  mm 

Engine  .  PRD 

Weight  of  missile  with  launching 

container  .  18  kg 


Pig.  1.11.  The  antitank  missile  891 
"Vickers-Armstrong"  (Great  Britain). 


Figure  1.11  shows  this  missile  at  instant  of  firing,  and  it 
also  shows  the  portable  container  which  serves,  at  the  same  time, 
as  the  launching  installation. 

ARMY  FIELD  ROCKETS 
The  "Lacrosse”  (USA) 

(Pig.  1.12) 

Basic  Characteristics 


Length  .  6.1  m 

Wingspan  .  2.75  m 

Tail-unit  span .  I.5  m 

Caliber  .  500  mm 

Engine  .  PRD 

Range  .  35  km 

Weight  of  rocket  .  11 50  kg 


MEDIUM-RANGE  BALLISTIC  ROCKETS 
The  "Polaris"  (USA) 

Basic  Characteristics 

Over-all  length  .  8.07  ni 
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Caliber  .  1370  mm 

Engine  .  Two- stage  PRD 

Weight  of  rocket  .  13,600  kg 

i  Relative  weight  of  propellant  .  0.9 

Weight  of  Warhead  .  450  kg 


Fig.  1.12.  The  "Lacrosse"  rocket  (USA) 
In  firing  position. 


The  proposed  propellant  for  the  two  stages  Is  a  solid  propellant 
with  a  mixture  based  on  polyurethane,  exhibiting  a  specific  Impulse 
of  =  240  kg* sec/kg. 

"GROUND-TO-AIR"  CLASSIFICATION  OF  ROCKETS  FOR 
FIRING  FROM  THE  GROUND  AGAINST  AIR  TARGETS 

The  "Nlke-Hercules"  (USA) 

(Fig.  1.13) 

Basic  Characteristics 


Length  . 

Wingspan  . 

Caliber  . 

Engine  (Fig.  I.l4) 


12.65  m 
1.88  m 
635  nun 

Two-state  PRD 


Pig.  1.13.  The  antiaircraft  rocket  "Nlke- 
Hercules"  (USA)  on  launching  Installation. 
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Pig.  I.l4.  The  engine  of  the  second  stage 
of  the  antiaircraft  ”Nlke-Hercules”  rocket. 


The  "Hawk”  (USA) 
(Pig.  1.15) 

Basic  Characteristics 


Length  . 

Wingspan  . 

Caliber  . 

Engine  . 

Weight  of  rocket 


4.98  m 

1.19  m 

355  mm 

PRD,  with  two 

thrust  stages 
450  kg 


Pig.  1.15.  Launching  installa¬ 
tion  with  three  "Hawk"  rockets 
(USA) . 

The  "Thunderblrd"  (Great  Britain) 
(Pig.  1.16) 

Basic  Characteristics 


Length  . 

Wingspan  . 

Tail-unit  span 

Caliber  . 

Engine  . 


6  m 

1.69  m 

1.6  m 
400  mm 

Two- stage  PRD 
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Pig.  I.l6.  The  antiaircraft  **Thunderbird" 
rocket  (Great  Britain)  at  the  annual  air- 
show  of  Parnborough. 

"AIR-TO-AIR"  CLASSIFICATION  OF  ROCKETS  FOR  FIRING 
PROM  AIRCRAFT  AGAINST  AIR  TARGETS 

The  "Falcon"  (USA) 

(Fig.  1.17) 

Basic  Characteristics 


Length  .  1.95  ni 

Tail-unit  span  . .  0.5  m 

Caliber  . . .  l60  mm 

Engine  .  PRD 

Operating  range  . .  2-8  km 

Velocity  . . . .  2  M(ach) 

Weight  of  missile  .  50  kg 


Fig.  1.17.  Two  of  the  last 
models  of  the  "Falcon"  missile 
(USA) . 


Pig.  I.l8.  The  "Sidewinder" 
rocket  (USA)  on  the  ground. 
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The  ^Sidewinder”  (USA) 
(Figs.  I.l8  and  1.19) 
Basic  Characteristics 


Length  . 

Tail-unit  span  . . 

Caliber  . 

Engine  . 

Weight  of  missile 


2.8  m 
0.48  m 


110  mm 

PRD,  with  an  operat- 

Ing  time  of  2  sec 

70  kg 


Pig.  1.19.  A  USAF  Interceptor  (USA) 
equipped  witn  four  "Sidewinder"  rockets, 
mounted  beneath  the  winds  of  the  air¬ 
craft  . 

The  "Plreflash"  (Great  Britain) 

(Pig.  1.20) 

Basic  Characteristics 


Length  . 

Wingspan  . 

Tail-unit  span  . 

Altitude,  with  boosters  .. 
Length  of  missile  airframe 

Caliber  . 

Engine  . 


Weight  of  missile 


3.7  m 
0.714  m 
0.656  m 
0.602  m 
2.26  m 
150  mm 

Two  PRD,  Jettisoned 

after  burnout  of 
propellant 
140  kg 


We  can  see  clearly  in  Pig.  1.20  the  unique  assembly  of  a  mis¬ 
sile  with  two  engines  fastened  at  the  sides  of  the  missile  air¬ 
frame  and  Jettisoned  after  the  complete  burnout  of  the  propellant. 
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Pig.  1.20.  The  ’'Plreflash”  missile, 
mounted  beneath  the  wind  of  an  English 
interceptor. 


The  "Pirestrike"  (Great  Britain) 
(Fig.  1.21) 

Basic  Characteristics 


Length  .  3 -18  ni 

Wingspan  .  0.74  m 

Tail-unit  span  .  0.46  m 

Caliber  .  220  mm 

Engine  .  PM 


Pig.  1.21.  The  ’’Plrestrike" 
missile  mounted  beneath  an 
aircraft  wing. 


The  "Matra  2-510"  (Prance) 
Basic  Characteristics 


Length  .  3.2  m 

Wingspan  .  1.0  m 

Caliber  .  200  mm 

Engine  .  PRD,  with  booster 
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’’AIR-TO-GROUND"  CLASSIFICATION  OP  ROCKETS  FOR 
FIRING  PROM  AN  AIRCRAFT  AGAINST  GROUND  TARGETS 

The  "Bull  Pup"  (USA) 

(Pig.  1.22) 

Basic  Characteristics 


Length  .  3.35  m 

Wingspan  .  0.9  m 

Caliber  .  300  mm 

Engine  . 

Total  weight  of  missile  .  270  kg 


Pig.  1.22.  Mounting  of  the  "Bull 
Pup"  missiles  (USA)  beneath  the 
wing  of  an  aircraft  of  the  tacti¬ 
cal  branch  of  the  USAP. 


rocket  with  its  last- stage  The  last  stage  of  this  rocket 
engine  operating  on  solid  operates  on  solid  propellants, 
propellant . 
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The  (France) 

Basic  Characteristics 


Length  .  m 

Tail-unit  span  . 0.8  m 

Engine  .  PRO 

Weight  of  rocket  .  400  kg 


The  extensive  use  of  solid-propellant  rocket  engines  was  not 
restricted  to  military  purposes.  Solld-propellant  rocket  engines 
have  proved  themselves  reliable  and  effective  power  plants  for  power¬ 
ful  rockets  used  for  such  civilian  purposes  as  the  Investigation  of 
outer  layers  of  the  terrestrial  atmosphere,  the  launching  of  arti¬ 
ficial  satellites  and  the  mastery  of  outer  space.  As  an  example, 
we  can  cite  the  well-known  "Vanguard”  system  with  a  last-stage  en¬ 
gine  that  operates  on  solid  propellants. (Pig.  1.23),  or  the  "Juplter- 
C"  (Plg.  1.24).  By  means  of  these  rockets  the  Americans  were  able 
to  launch  several  artificial  satellites  and  to  carry  out  a  series 
of  other  investigations  in  conjunction  with  the  International  Geo¬ 
physical  Year. 
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Chapter  2 


TENTATIVE  SELECTION  OF  BASIC  DESIGN  PARAMETERS  FOR  A  MISSILE 
§  1.  REQUIREMENTS  IMPOSED  ON  SOLID- PROPELLANT  ROCKET  MISSILES* 

Of  the  basic  requirements  imposed  on  the  design  and  parameters 
of  a  missile,  we  can  mention  the  following: 

1)  tactical-technical  requirements; 

2)  production-economic  requirements. 

Tactical- technical  requirements  include  the  requirements  which 
pertain  to  the  missile,  its  launching  Installation,  and  the  method 
of  missile  utilization  (the  firing  method) . 

Here,  the  requirements  imposed  on  the  missile  are  the  most 
essential;  however,  an  underestimation  of  the  requirements  imposed 
on  the  launching  installation  or  the  method  of  missile  utilization 
may  result  in  having  the  entire  complex  of  weapons  prove  to  be  in¬ 
adequately  perfected  or  simply  not  fit  for  combat,  even  if  the 
basic  element  of  the  complex  —  the  rocket  missile  —  has  been  de¬ 
signed  properly.  The  requirements  Imposed  on  the  missile  Include 
the  parameters  and  the  characteristics  of  the  rocket  engine  and 
the  missile  warhead,  as  well  as  Information  on  the  required  combat 
effectiveness  of  the  weapons  system  being  developed.  Of  these,  the 
following  are  the  most  Important. 

The  combat  designation  of  the  missile  (the  type  of  warhead) . 

(  The  combat  designation  of  a  missile  is  determined  by  the  required 

effect  that  the  missile  is  to  have  at  the  target.  In  the  classlflca- 
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tlon  of  missiles  according  to  combat  designation,  the  following  types 
of  missiles  have  been  adopted: 

—  missiles  of  basic  designation:  demolition,  fragmentation, 
fragmentation-demolition,  armor-plerclng.  Incendiary,  etc.; 

—  missiles  of  special  designation:  Illumination,  smoke,  propa¬ 
ganda,  etc. 

Missiles  of  basic  designation  are  used  for  the  direct  destruc¬ 
tion  of  targets.  The  area  In  which  such  missiles  can  be  used  Is 
determined  by  the  military  assignments  of  the  field  artillery. 

If  the  combat  designation  (type  of  warhead)  of  the  missile  Is 
given  In  the  tactical-technical  requirements,  the  designer  Is  better 
able  to  select  the  structural  procedure  of  missile  assembly  during 
the  planning  and  design  stage,  he  Is  In  a  position  to  decide  on  the 
shape  of  the  warhead,  etc.,  and  he  can  also  make  a  decision  as  to 
the  type  of  fuse  to  be  employed  In  the  missile  warhead  being  de¬ 
veloped. 

Requirements  with  respect  to  missile  effectiveness  at  the  target. 
For  missiles  of  basic  designation,  the  requirement  for  effectiveness 
at  the  target  Is  a  single- valued  function  of  the  payload  weight  of 
the  system.  Let  us  examine  this  In  greater  detail. 

Demolition  missiles  are  Intended  primarily  for  nonconcrete 
field-type  defense  Installations  such  as  trenches,  shelters,  fire 
points,  observation  points,  etc.  Demolition  missiles  of  large  cali¬ 
ber  can  be  used  In  coordinated  raids  against  concrete  and  relnforced- 
concrete  structures. 

Demolition  bombs  destroy  the  target  with  the  destructive  force 
produced  by  the  shock  wave  that  Is  generated  on  the  detonation  of 
the  explosives  and.  In  part,  by  the  force  of  Impact  against  the 
obstacle.  In  accordance  with  this,  the  force  of  demolltlon-mlsslle 
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effect  at  the  target  is  determined  primarily  by  the  characteristics 
and  quantity  of  the  explosive  material  used,  said  material  enclosed 
within  the  body  of  the  missile  warhead;  given  a  certain  explosive, 
the  force  is  uniquely  defined  by  the  weight  of  the  explosive  charge 
in  the  warhead. 

Fragmentation  missiles  are  intended  for  air  or  ground  targets 
(primarily  against  objects),  for  the  destruction  of  light  field 
shelters,  etc. 

In  accordance  with  the  designation  of  the  fragmentation  missile, 
the  basic  requirement  imposed  on  the  force  of  such  a  missile  can  be 
reduced  to  the  necessity  of  obtaining  the  maximum  number  of  effec¬ 
tive  fragments  over  the  greatest  possible  effective  range. 

As  a  rule,  a  fragmentation  warhead  must  have  a  rather  thick 
shell  and  needs  a  quantity  of  explosives  adequate  only  to  fragment 
the  shell  into  pieces  of  shrapnel  and  to  Impart  the  required  initial 
velocity  to  the  shrapnel.  The  effective  force  of  a  fragmentation 
missile  at  the  target,  as  a  rule,  is  determined  by  the  maximum 
weight  of  the  metal  used  in  the  warhead  of  the  missile,  and  this 
factor  will  make  it  possible  to  estimate  the  minimum  weight  of  ex¬ 
plosive  charge  required  to  achieve  the  fragmentation. 

Fragmentation-demolition  missiles  are  an  example  of  the  uni¬ 
fication  of  various  types  of  missiles  and  these  are  employed  to  pro¬ 
duce  an  effect  of  shell  fragmentation  as  well  as  the  destructive 
demolition  force  of  the  explosion  at  the  target.  The  requirement  im¬ 
posed  on  the  effective  force  of  the  warhead  of  this  type  of  missile 
Involves  the  selection  of  the  correct  weight  of  the  explosive  charge 
and  the  desired  quantity  of  fragments. 

(  For  certain  types  of  rocket  ammunition  such  as,  for  example, 

hollow-charge  antitank  mines,  the  force  is  completely  determined 
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by  the  geometry  of  the  warhead.  In  fact,  the  effective  force  of  a 
hollow-charge  mine  at  the  target  Is  characterized  by  the  thickness 
of  the  armor  plating  that  is  penetrated  by  the  stream  of  products 
of  the  explosion  of  the  hollovu- charge  warhead  of  the  mine.  On  the 
other  hand,  it  has  been  established  that  the  armor-piercing  capa¬ 
bility  of  a  hollow  charge  depends  on  the  geometry  of  the  warhead 
charge  and  primarily  on  the  diameter  of  the  hollow  funnel;  here, 
as  a  rough  estimation,  we  may  hold  that 


where  is  the  maximum  thickness  of  the  armor  plate  being  pene¬ 

trated;  n^  is  some  coefficient  that  is  a  function  of  the  shape  of 
the  funnel . 

Thus  with  a  given  magnitude  of  b  we  can  immediately  determine 
the  basic  dimension  of  the  hollow  charge,  and  this  dimension  is 
then  employed  to  select  the  dimensions  of  the  remaining  elements  in 
the  geometry  of  the  hollow  charge  and  the  warhead. 

In  addition  to  the  basic  stipulation  of  effective  force  for  the 
missile  being  designed,  the  tactical-technical  requirements  may  in¬ 
clude  certain  additional  requirements  with  respect  to  the  nature 
of  missile  effectiveness  at  the  target;  as  a  rule,  these  additional 
requirements  are  Imposed  on  antiaircraft  missiles,  incendiary  mis¬ 
siles,  and  certain  others. 

Firing  range  (or  range  of  direct  fire) .  Rocket  missiles  of  the 
field  artillery  are  a  means  employed  to  destroy  various  enemy  targets 
and  objects,  even  if  they  are  situated  at  considerable  distances 
from  the  firing  position.  In  this  connection,  the  maximum  firing 
range  is  one  of  the  most  important  missile  characteristics  and  must 
(  be  included  in  the  tactical-technical  requirements. 

The  range  requirement  uniquely  defines  the  magnitude  of  required 
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ralssile-fllght  velocity  at  the  end  of  the  active  phase  of  the  tra¬ 
jectory,  since,  as  has  been  demonstrated  by  the  solution  of  the 
basic  problem  of  exterior  ballistics,  the  Initial  velocity  of  a 
body  In  flight,  launched  at  a  certain  angle  to  the  horizon.  In  turn 
uniquely  defines  the  flight  range  of  this  body.  The  magnitude  of 
the  required  velocity  Is  extremely  Important,  since  It  Is  one 

of  the  Input  parameters  In  the  planning  stage  for  the  calculation 
of  the  Interior  ballistic  characteristics  of  the  rocket  engine  of 
the  missile. 

For  missiles  of  the  "alr-to-alr"  class  and  for  antitank  hollow- 
charge  mines,  we  Impose  the  requirement  of  passing  the  so-called 
combat  control  distance  within  a  definite  period  of  time  rather  than 
the  maximum  firing  range. 

For  example,  "a  missile  Is  designated  for  ...  and  must  pass  a 
distance  of  1000  m  In  no  less  than  2  sec."  A  similar  requirement  Is 
Imposed  by  the  features  of  aerial  combat  and  the  nature  of  aircraft 
maneuvering  on  approach.  The  control  distance  Is  that  distance  at 
which  the  enemy  aircraft  cannot  escape  the  attacking  fire  nor  re¬ 
turn  the  fire. 

Firing  accuracy.  The  probability  of  an  ungulded  rocket  missile 

hitting  a  target  Is  generally  characterized  by  missile  firing  accuracy. 

Missile  firing  accuracy  Is  that  dimensionless  quantity  which 

characterizes  the  possible  maximum  deviation  of  the  missile  from 
the  calculated  (theoretical)  point  of  Impact.  If  the  greatest  devia¬ 
tion  of  the  missile  from  the  target  Is  equal  to  B”^*[m],  the  firing 
accuracy  will  be  characterized  by  the  following  quantity: 


where  X  Is  the  firing  range  (the  distance  from  the  point  of  missile 
lavinch  to  the  target). 

-  31  - 


In  firing,  the  scattering  of  missile  Impact  points  around  a 
central  sighting  point  Is  generally  estimated  by  means  of  the  quan¬ 
tities  which  characterize  the  mean  probable  deviation  (B^)  of  the 
missile  with  respect  to  range  [distance]  and  in  the  lateral  direc¬ 
tion  In  accordance  with  this,  the  firing  accuracy  with  respect 

to  range  is  generally  regarded  as 


and  in  the  lateral  direction 


As  an  example  of  the  formulation  of  tactical-technical  require¬ 
ments  with  respect  to  firing  accuracy  we  can  cite,  for  example: 
"...over  the  entire  range  of  possible  missile  flight  velocities  and 
...the  stabilization  elements  of  the  missile  must  provide  for  a 
firing  accuracy  with  respect  to  range  that  must  not  exceed 

’l.=^<0.03 

and  in  the  lateral  direction  not  to  exceed 

This  means  that  the  mean  probable  deviation  of  impact  points 
with  respect  to  range  must  not  exceed  3%,  and  in  the  lateral  direc¬ 
tion  it  must  not  exceed  1^  of  the  firing  distance. 

The  establishment  of  firing-accuracy  requirements  enables  the 
designer  to  select  the  type  of  missile  stabilization,  the  general 
scheme  of  missile  assembly,  and  it  also  enables  him  to  solve  certain 
other  problems  in  the  planning  stage. 

Total  missile  weight.  For  the  majority  of  missiles  used  in  the 
field  rocket  artillery,  the  total  weight  is  stipulated  tentatively 
in  the  tactical- technical  requirements,  within  a  rather  wide  range. 
Short-range  antitank  missiles,  as  well  as  "ground-to-air"  and  "air- 
to-air"  missiles  are  narrowly  restricted  in  terms  of  weight. 
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The  temperature  Interval  for  missile  utilization.  As  a  rule, 
the  tactical-technical  requirements  stipulate  the  maximum  tempera¬ 
ture  Interval  within  which  a  rocket  missile  must  assure  faultless 
combat  capability. 

The  necessity  of  taking  Into  consideration  a  certain  Interval 
of  operating  temperatures  can  be  explained  by  the  fact  that  the 
basic  parameters  of  a  solld-propellant  rocket  engine  depend  strongly 
on  the  Initial  temperature  of  the  charge  and,  at  various  tempera¬ 
tures,  may  undergo  substantial  change.  This  brings  forth  a  series  of 
specific  problems  which  must  be  borne  In  mind  at  the  very  beginning 
of  the  missile  planning  stage. 

The  reliability  of  the  entire  weapons  system  (faultless  mis¬ 
sile  operation) . 

The  possibility  and  convenience  of  transporting  a  missile  In 
crates  or  directly  on  combat  vehicles,  and  here  It  Is  assumed,  as  a 
rule,  that  the  missile  should  not  surrender  any  of  Its  combat  readi¬ 
ness  as  a  result  of  the  transportation  process. 

Permissible  prelaunch  checks  and  similar  regulation  operations 
and  their  duration. 

The  possibility  of  long  missile  storage. 

The  above-mentioned  requirements  and  periods  make  It  possible 
for  the  designer  to  approach  Intelligently  and  with  Justification 

the  solution  of,  for  example,  the  problem  of  the  selection  of  the 
material  for  certain  missile  units,  the  selection  of  anticorrosion 
coatings,  etc.,  and  to  select  the  method  of  protecting  the  missile 
during  storage  in  warehouses  and  arsenals. 

In  the  product Ion- economic  requirements  we  present  the  techno¬ 
logical  and  economic  Indicators  that  are  required  for  the  missile 
design  being  planned.  This  group  of  requirements  Is  difficult  to 
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break  down  unless  they  are  referred  specifically  to  a  certain  end 
product}  however,  some  of  the  following  may  be  classified  as  general 
requirements: 

—  restriction  of  material  expenditures  during  the  planning 
phase,  and  in  the  production  and  testing  of  the  missile  and  all  of 
its  systems; 

—  the  adaptability  of  Individual  units  and  missile  component 
parts  to  production  processes; 

—  the  utilization  of  inexpensive  construction  materials,  as  well 
as  those  that  are  not  In  short  supply,  etc. 

The  contents  of  the  tactical-technical  requirements  for  the 
design  of  a  missile,  as  well  as  an  analysis  of  the  corresponding 
conclusions,  must  always  precede  the  direct  development  of  a  design 
and  the  calculations.  Only  in  this  case  can  the  new  design  fully 
meet  all  of  the  requirements  imposed,  and  it  is  only  in  this  way 
that  the  missile  being  planned  will  be  in  a  position  to  cope  with 
all  of  the  problems  before  it . 

§  2.  SELECTION  AND  JUSTIFICATION  OP  STRUCTURAL  MISSILE  DIAGRAMS 

The  structural  diagram  of  a  rocket  missile  refers  to  that  inter¬ 
related  positioning  of  the  basic  missile  parts  —  warhead  and  rocket  — 
into  an  over-all  assembly. 

There  are  several  possible  ways  of  assembling  a  solid-propellant 
rocket  missile.  Examples  of  such  structural  diagrams  are  presented 
in  Pig.  2.1. 

The  structural  diagram  for  the  missile  should  be  selected  after 
the  careful  analysis  of  the  tactical-technical  requirements  for  the 
missile. 

Most  frequently,  in  the  planning  stage,  a  normal  diagram  (Pig. 
2.1a)  is  selected.  However,  this  diagram  in  no  way  can  be  regarded 
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Fig.  2.1.  Possible  structural  diagrams  for  the 
assembly  of  a  solid-propellant  rocket  missile, 
p.ii  =  r.ch.  =  rocket  part 
d.tj  =  b.ch.  =  warhead. 


as  optimum  for  missiles  of  various  designations .  Apparently,  it  is 
only  for  armor-  and  concrete-piercing  missiles  that  this  normal 
diagram  is  the  only  one  possible.  As  a  matter  of  fact,  fragmenta¬ 
tion  missiles  with  a  contact  fuse  will  exhibit  greater  effectiveness 
if  they  are  executed  in  accordance  with  a  completely  opposite  dia¬ 
gram  (pig.  2.1b).  Indeed,  it  is  precisely  in  this  case  that  the  maxi¬ 
mum  number  of  warhead  fragments  will  be  scattered  against  the  ob¬ 
stacle  at  the  Instant  that  the  explosive  charge  is  set  off  as  the 
missile  strikes  the  obstacle,  whereas  in  the  case  of  the  normal  dia¬ 
gram  a  substantial  number  of  the  fragments  would  move  into  the  ground 
directly  at  the  point  of  missile  impact.  When  noncontact  fuses  are 
employed,  the  structural  diagram  which  assumes  an  Internal  position 
of  the  warhead  (Fig.  2.1c)  is  extremely  effective  in  the  case  of  a 
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fragmentation  missile.  In  this  case,  the  total  number  of  fragments 
Increases  substantially  because  both  the  warhead  and  the  combustion 
chamber  are  blown  apart  on  detonation. 


Fig.  2.2.  Examples  of  the  utilization  of  various 
structural  diagrams  in  the  design  of  actual 
missiles  shapes,  a)  Inverse  diagram  (158.5-inm 
German  turbojet  missile);  b)  normal  diagram 
(82-mm  German  finned  missile);  c)  diagram  of 
intermediate  warhead  position  (German  guided 
antiaircraft  rocket  "Rhelntochter") . 

The  structural  diagram  of  an  Internal  rocket  portion  (Pig.  2. Id) 
as  well  as  the  diagram  of  an  intermediate  rocket-portion  position 
(Pig.  2. If),  may  be  recommended  for  powerful  demolition  missiles. 
Moreover,  the  structural  diagram  of  the  Internal  positioning  of  the 
rocket  missile  is  efficient  even  when  it  is  necessary  to  decrease  the 
over-all  length  of  the  missile  from  the  standpoint,  for  example,  of 
missile  flight  stability  or  for  any  other  reasons.  The  structural  dia¬ 
gram  of  intermediate  warhead  positioning  (Pig.  2.1e)  is  particularly 
promising  for  the  design  of  high-speed  and  superlong- range  missiles; 
in  this  case,  it  is  sometimes  sensible  to  provide  for  separation 
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(jettisoning)  as  the  afterburner  (rear  combustion  chamber)  is  put 
into  operation. 

Effective  demolition- fragmentation  missiles  can  be  designed 
on  the  basis  of  a  structural  diagram  involving  the  intermediate 
positioning  of  the  rocket  portion,  if  the  forward  warhead  of  such 
a  missile  is  of  the  demolition  or  fragmentation-demolition  type,  and 
the  rear  warhead  is  of  the  fragmentation  type. 

Examples  of  specific  designs,  developed  with  the  use  of  various 
diagrams  for  the  interrelated  positioning  of  warhead  and  rocket 
parts  are  presented  in  Pig.  2.2. 

It  is  important  to  underscore  once  again  that  the  selection  of 
the  structural  diagram  is  an  extremely  Important  and  responsible 
stage  of  missile  planning,  a  stage  that  frequently  offers  tremendous 
hidden  possibilities  of  increasing  the  effectiveness  of  the  weapon 
being  developed  as  well  as  improving  other  parameters  of  the  shape  of 
missiles  in  question.  Sometimes,  the  possibility  of  satisfying  the 
tact leal- technical  requirements  depends  on  the  very  selection  of 
the  structural  diagram  for  the  upcoming  missile. 

As  Justification  for  the  selected  diagram,  it  becomes  neces¬ 
sary  to  evaluate  the  advantages  and  shortcomings  of  this  structural 
diagram  from  the  standpoint  of  satisfying  the  tact leal- technical 
requirements . 

All  other  conditions  being  equal,  a  good  guide  to  follow  is  the 
selection  of  the  simplest  possible  structural  diagram  and  to  select 
a  more  complicated  diagram  only  if  convincing  proof  is  at  hand  to 
Justify  the  need  for  such  a  selection. 

§  3.  TENTATIVE  SELECTION  OF  BASIC  CALCULATION  PARAMETERS  FOR  THE 

MISSILE  BEING  PLANNED 

The  initial  parameters  for  all  theoretical  calculations  carried 


out  during  the  design  stage  for  a  solld-propellant  rocket  nlsslle 
are  the  following: 

a)  the  weight  parameters  of  the  missile: 

Is  the  weight  of  the  explosive  charge; 

Pq  Is  the  total  weight  of  the  fully  armed  missile; 

03  Is  the  weight  of  the  solld-propellant  charge; 

Is  the  weight  of  the  engine; 

Qp  Is  the  oasslve  weight  of  the  missile  (the  missile  weight 
when  all  of  the  solid  propellant  has  been  consumed) ; 

b)  geometric  characteristics  of  the  missile: 
d  Is  the  caliber; 

1  is  the  total  length; 

2L  Is  the  tail-unit  span; 

op  r-  J 

c)  basic  trajectory  parameters  of  missile  flight: 

is  the  maxlmiim  firing  range; 

is  maximum  altitude  of  missile  ascent  during  flight  (on 
the  trajectory) ; 

Is  the  velocity  of  the  missile  at  the  end  of  the  active 

max 

phase  of  the  trajectory; 

Bd(b)/Xjjjax  characteristic  of  missile  firing  accuracy; 

d)  working  characteristics  and  basic  parameters  of  the  inter¬ 
ior  ballistics  of  the  rocket  engine: 

P  =  P(t)  Is  the  change  in  pressure  within  the  combustion  cham¬ 
ber  as  a  function  of  time  (the  pressure  curve); 

±  t°  Is  the  temperature  interval  of  engine  operation; 

T  Is  the  time  of  engine  operation; 

^max  maximum  pressure  within  the  combustion  chamber. 

Some  of  the  eniimerated  characteristics  are  presented  In  tactical- 
technical  requirements  (X,  Pq,  p^^,  p  =  p(t),  t,  etc.);  of  these. 


those  that  are  not  defined  In  the  requirements,  must  be  tentatively 
selected  at  the  beginning  of  the  planning  stage. 

The  calculated  (theoretical)  parameters  for  the  preliminary 
tentative  assembly  of  the  future  end  product  are  selected  on  the 
basis  of  experience  gained  In  design  and  theoretical  projects  as 
well  as  on  the  basis  of  the  existing  requirements. 

Calculation  of  weight  characteristics  for  the  missile.  As  a 
rule,  the  tactical-technical  requirements  with  respect  to  the  com¬ 
bat  effectiveness  at  the  target  on  the  part  of  the  missile  being 
planned  either  give  or  make  It  possible  to  define  uniquely  the  weight 
of  the  missile  warhead  explosive  charge  (the  weight  of  the  missile 
payload).  Therefore  the  quantity  can  always  be  regarded  as  known. 

Having  and  knowing  the  combat  designation  of  the  missile 
(the  type  of  warhead),  we  can  tentatively  estimate  the  total  weight 
of  the  missile  warhead.  Here  we  use  statistical  data  on  the  so- 
called  fill  factor  Tj  by  which  we  mean  the  ratio  between  the  weight 
of  the  warhead  payload  and  the  total  warhead  weight; 

(2.1) 

where  Pq  ^  Is  the  weight  of  the  armed  warhead. 

The  characteristic  values  of  the  fill  factor  q  for  missiles 
of  various  designations  are  as  follows; 

for  demolition  missiles  (M31>  USSR) ; 

155^,  for  fragmentation  missiles  (”Luftfaust,''  Germany); 

255^,  for  fragmentation-demolition  missiles  (M13»  USSR) . 

The  tentative  value  of  the  total  weight  of  the  missile  war¬ 
head  Is  determined  by  q  In  the  following  form; 

/)}•••«£•  100.  (2.2) 

V* 

If  the  caliber  d  of  the  missile  being  designed  Is  Indicated  In 
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tactical-technical  requirements,  we  can  use  the  statistical  coef¬ 
ficient  kg  of  relative  missile  weight  and  the  coefficient  of 
relative  payload  weight  for  a  tentative  determination  of  the  weight 
characteristics  of  the  warhead  In  the  missile  being  designed. 

The  above-mentioned  coefficients  are  determined  by  the  follow- 


ing  relationships: 

kg/dm^. 

(2.3) 

kg/dm^. 

(2.4) 

The  values  of 

the  coefficients  k 

a 

for  missiles  with  various 

combat  designations  are  approximately  the  following: 

2,  for  demolition  missiles  (300-mm  missile,  Germany); 

6,  for  fragmentation  missiles  (l^,  USSR); 

8,  for  fragmentation-demolition  missiles  (M13,  USSR) . 

Accordingly,  the  values  of  k^^  are  equal  to: 

3,  for  demolition  missiles  (300-mm  missile,  Germany); 

1,  for  fragmentation  missiles  (I'C,  USSR); 

2,  for  fragmentation-demolition  missiles  (M13»  USSR) . 

The  total  weight  of  the  rocket  missile  is  comprised  of  the 
weight  of  the  warhead,  the  weight  q^^  of  the  rocket  engine, 

and  the  weight  oj  of  the  sol id- propellant  charge.  If  the  magnitude 
of  the  total  weight  Pq  is  given  in  the  tact leal- technical  require¬ 
ments,  the  remaining  combat  characteristics  can  be  determined  com¬ 
paratively  simply. 

In  fact,  expanding  the  right-hand  part  of  Tslolkovskly ‘s  for¬ 
mula  in  series,  we  will  have  for  the  maximum  velocity  of  the  rocket 

and  keeping  only  the  first-degree  terms  in  the  expansion,  it  is 
easy  to  obtain  the  following  approximate  relationship: 
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\U, 


2«* 

2»,  +  »  * 


From  (2.5)  the  quantity  cu  is  defined  as 


2U$ 


(2.6) 


or, 


taking  Into  consideration  that 


-=p  2”«««  - 

•  iUt  +  *mM  ’ 


(2.6*) 


The  quantity  o),  found  from  Relationship  (2.6)  or  (2.6'), 
represents  the  weight  of  the  solid-propellant  charge  required  to 
Impart  a  velocity  to  a  rocket  having  a  launching  weight  of 

iriaX 

Pq  and  a  passive  weight  qp  (under  the  condition  that  the  exhaust 
velocity  for  the  products  of  combustion  amounts  to  U^) . 

The  quantity  v„„„  which  must  be  known  In  order  to  use  Rela- 
tlonshlp  (2.6)  or  (2.6')  In  specific  calculations,  is  estimated 
approximately  on  the  basis  of  the  given  firing  range.  In  this  case, 
it  Is  possible  to  use  either  ballistic  tables  or  the  tentative  for¬ 
mulas  derived  in  Chapter  6.  With  respect  to  Ug  it  has  been  demon¬ 
strated  that 


g  m/sec , 

where  is  the  specific  impulse  of  the  engine j  g  is  the  accelera¬ 
tion  of  gravity,  and  since  for  the  majority  of  solid-propellant 
rocket  engines  the  quantity  Jj^  is  sufficiently  stable  and  amounts, 
on  the  average,  to  J^^  »  200  kg*sec/kg,*  we  can  ssume  in  approximate 
terms  that 


C/.-lMO-2000in/sac. 

Thus  it  becomes  possible  to  determine  with  sufficient  accuracy 
one  of  the  most  important  weight  characteristics  of  a  rocket  missile 
—  the  weight  of  the  solid-propellant  charge  cf  the  engine.  After 
this,  the  passive  weight  of  the  missile  will  be 

H-Pr-m.  (2.7) 
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and  since  the  passive  weight  is  composed  of  the  weight  of  the  armed 
warhead  and  the  structural  weight  of  the  engine,  the  quantity 
is  determined  by  the  difference 

(2-8) 

It  is  more  complicated  to  estimate  the  weight  characteristics 
of  the  missile,  if  the  quantity  Pq  is  not  indicated  in  the  tactical- 
technical  requirements.  In  this  case,  the  following  calculation 
method  may  be  employed. 

It  has  been  established  that  for  almost  all  types  of  rocket 
missiles  used  in  the  field  artillery,  the  weight  of  the  metal  which 
goes  into  the  combustion  chamber  can  be  determined  in  terms  of  the 
weight  of  the  metal  used  in  the  warhead  by  means  of  a  certain  pro¬ 
portionality  function  4)  which  represents  the  product  of  special 
coefficients: 

...» 

where  k.  _  is  the  coefficient  of  the  type  of  missile  warhead;  k. 
is  the  coefficient  of  missile  caliber;  kp  is  the  coefficient  by 
which  we  take  into  consideration  the  effect  on  q^^  of  the  magnitude 
of  pressure  in  the  combustion  chamber  (at  d  =  const);  . 


Thus,  in  this  case, 

.  .(Pi'-P*),  (2.9) 

where  for  demolition  missiles  of  medltim  caliber  with  pressure  in 

O 

the  combustion  chamber  not  exceeding  p  =  100  kg/cm  (of  the  300-mm 
type  demolition  missile,  Qermany)  we  can  assume 

while  for  fragmentation  missiles  (of  the  m8  type,  USSR) 
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After  the  determination  of  the  remaining  unknown  weight 
characteristics  can  be  found  without  difficulty.  In  fact,  accord¬ 
ing  to  (2.8) 

after  which,  in  accordance  with  (2.6),  it  is  easy  to  calculate  to 
and  to  find  the  total  weight  of  the  missile: 

The  tentative  relationships  that  have  been  presented  here  make 
it  possible  to  estimate  the  theoretical  weight  characteristics  of 
the  missile  with  sufficient  accuracy;  these  characteristics  must 
be  known  in  order  to  design  each  specific  end  product. 

The  selection  of  the  basic  weight  characteristics  is  of  great 
significance  not  only  for  the  direct  planning  of  the  rocket  missile, 
but  for  the  issuance  of  preliminary  requirements  with  respect  to 
the  design  of  the  launching  installation  and  other  auxiliary  ground 
equipment . 

The  determination  of  geometric  missile  characteristics.  Of  the 
geometric  characteristics,  as  a  rule,  the  caliber  of  the  missile 
is  indicated  in  the  tact leal- technical  requirements,  at  least  for 
missiles  of  the  "air-to-air"  classification,  as  well  as  for  anti¬ 
tank  and  certain  other  missiles.  If  the  caliber  is  not  given  in 
the  tactical-technical  requirements,  a  tentative  magnitude  of  cali¬ 
ber  can  be  estimated  on  the  basis  of  the  statistical  coefficients 
kg  or  k^.  The  following  may  be  regarded  as  a  calculation  formula 
for  the  determination  of  the  magnitude  of  d: 


The  second  basic  geometric  characteristic  of  a  rocket  missile 
is  the  total  length  of  the  rocket  missile  and  this  can  be  deter¬ 
mined  conclusively  only  by  consideration  of  the  conditions  of  mls- 
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slle  stability  during  flight,  i.e.,  In  fact  only  after  the  model 
has  passed  Its  wlndtunnel  tests  and  after  the  test  firing  of  con¬ 
trol  prototypes.  However,  we  can  bear  in  mind,  even  during  the 
preliminary  calculations,  that  for  missiles  stabilized  by  fins, 
the  optimum  length  Is  approximately 

1  =  (8-10)  d  (to  15d)  (2.11) 

(m8,  M13,  M13DD,  USSR), 
whereas  for  turbojet  missiles 

1  =  (4-6)  d  (to  10  d)  (2.11') 

(300-  and  210-mm  missiles,  Germany) . 

The  span  2L  „  of  the  stabilization  fins  of  a  rocket  missile  are 
determined  by  the  aerodynamic  characteristics  of  the  object,  as 
well  as  by  the  in-plan  view  of  the  shape  and  the  nximber  of  fins  in 
the  stabilizer.  There  Is,  apparently,  no  point  In  enumerating  all 
of  the  special  cases  which  might  occur  in  the  determination  of  the 
dimension  2LQp,  and  we  need  only  point  out  that  for  the  most  fre¬ 
quently  employed  four- finned  tall  unit  (in  the  shape  of  a  blade 
In  the  in-plan  view)  that  is  almost  rectangular,  the  dimension 
generally  does  not  exceed 

The  parameters  of  flight  trajectory.  The  most  Important  flight- 
trajectory  parameters  may  be  regarded  as  maximum  firing  range  and 
missile  firing  accuracy.  Both  of  these  characteristics  are  given  in 
the  tactical-technical  requirements  for  the  design  of  the  object. 

The  remaining  parameters  can  be  estimated  with  comparative  ease  on 
the  basis  of  the  simplified  theory  of  missile  flight  along  a  tra¬ 
jectory  (see  Chapter  6). 

The  working  characteristics  and  the  basic  parameters  of  interior 
ballistics  of  rocket  engines.  The  sequence  of  selecting  the  basic 
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rocket-engine  parameters  and  the  working  characteristics  of  a  rocket 
engine  are  examined  In  detail  In  Chapter  4. 

After  the  selection  of  the  basic  parameters  of  the  missile 
being  designed,  we  undertake  the  working  out  of  the  various  mis¬ 
sile  design  versions  and  the  detailed  calculation  of  the  Interior 
ballistics  of  the  engine  as  well  as  the  flight  characteristics  of 
the  missile.  During  the  process  of  this  work,  the  parameters  that 
were  Initially  assumed  are  refined  and  corrected. 

§  4.  THE  PLANNING  PROCEDURE  FOR  A  FIELD-ARTILLERY  ROCKET  MISSILE 

AND  ITS  INDIVIDUAL  ELEMENTS 

The  Initial  design  of  a  field-artillery  rocket  missile  Is  pre¬ 
sented  In  Fig.  2.3. 

In  accordance  with  the  construction  of  a  solld-propellant 
rocket  missile,  the  planning  stage  Includes: 

1)  the  designing  of  the  missile  elements: 

—  the  warhead; 

—  the  combustion  chamber; 

—  the  nozzle  unit; 

—  the  stabilization  systems,  the  spacers,  and  other  auxiliary 
elements  of  the  structure; 

2)  the  design  of  the  solld-propellant  charge  of  the  engine: 

—  the  selection  of  the  type  of  working  charge  and  Its  Insertion 
into  the  combustion  chamber; 

—  the  design  of  the  igniter. 

The  design  of  each  of  the  missile  elements  can  be  reduced  to 
a  series  of  successive  calculations  and  the  seeking  of  the  most 
promising  design  solutions.  In  this  case,  the  approximate  sequence 
of  the  planning  of  individual  missile  elements  can  be  carried  out 
in  accordance  with  the  following  procedures. 
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a)  b) 

Pig.  2.3.  Basic  design  of  a  contemporary  solid- 
propellant  field-artillery  rocket  missile,  a)  War- 
hear;  b)  rocket}  1^  fuse;  2)  auxiliary  detonator; 

3)  warhead  frame;  4)  bursting  charge;  5)  spacer; 

6)  igniter,  with  electroigniter  system;  7)  for¬ 
ward  grid  ^trap).  for  retention  of  igniter  and 
grain  (charge);  o)  body  of  combustion  chamber; 

9)  solid-propellant  working  charge  of  engine; 

10)  diaphragm;  11)  nozzle  assembly. 


f 


I 
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The  procedure  for  the  planning  and  design  of  the  warhead; 

1)  selection  of  the  warhead  type  in  accordance  with  missile 
designation; 

2)  selection  of  warhead  shape,  and  Justification  for  this 
selection; 

3)  calculation  of  thickness  of  head  wall,  based  on  the  stand¬ 
point  of  providing  strength  on  Impact  against  obstacle  (demolition 
warheads)  or  on  other  considerations  (for  example,  for  fragmentation 
missiles,  the  obtaining  of  a  definite  number  of  fragments  of  given 
weight,  etc.); 

4)  the  development  of  a  production  process  for  the  fabrication 
of  the  warhead  frame,  geared  to  mass  production; 

5)  the  selection  of  the  type  of  fuse  and  the  working  out  of  the 
tactical-technical  requirements  for  the  design  of  this  item. 

The  procedure  for  the  planning  and  design  of  the  combustion 
chamber ; 

1)  the  selection  of  the  combustion- chamber  design; 

2)  the  calculation  of  the  wall  thickness  which  will  guarantee 
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engine  durability  at  the  working  pressure  and  gas  temperature  within 
the  combustion  chamber; 

3)  an  analysis  of  the  possibilities  of  reducing  the  thickness 
of  the  combustion-chamber  wall  by  employing  thermal  insulation  or 
other  special  measures; 

4)  the  selection  of  the  system  to  be  enployed  to  connect  the 
warhead  and  rocket  parts  of  the  missile,  and  the  type  of  connection 
device  to  be  employed; 

5)  strength  calculations  for  the  connection  unit; 

6)  the  development  of  a  production  process  for  the  fabrication 
of  the  engine  frame,  with  an  eye  to  conditions  required  from  the 
standpoint  of  mass  production. 

The  procedure  for  the  planning  and  design  of  the  nozzle  assembly: 

1)  calculation  of  basic  nozzle  dimensions  in  order  to  ensure 
the  required  ballistic  characteristics  of  the  engine; 

2)  the  selection  of  the  type  of  nozzle  assembly  (a  single  nozzle 
or  a  nozzle  cover  with  several  nozzles)  and  the  Justification  for 
this  selection; 

3)  geometrical  planning  of  the  nozzle  cover  for  the  missile 
and  the  selection  of  the  type  of  connection  to  be  used  to  link  this 
cover  with  the  combustion  chamber; 

4)  strength  calculations  for  the  connection  imlt; 

5)  selection  of  the  grid  (trap)  and  the  matching  of  its  con¬ 
figuration  with  the  selected  grain  (charge)  and  the  nozzle  cover; 

6)  themal  calculations  for  the  elements  of  the  nozzle  assembly; 

7)  the  working  out  of  production  techniques  for  the  nozzle 
cover,  geared  to  conditions  of  mass  production. 

The  procedure  for  the  planning  and  design  of  a  missile  stabiliza¬ 
tion  system: 


% 
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1)  the  selection  of  the  type  of  stabilization  system  (finning, 
rotation,  combined  stabilization).  An  analysis  and  Justification 
for  the  selection  made; 

2)  calculation  of  stabilizer  dimensions  for  the  case  of  stabi¬ 
lization  by  means  of  finning; 

3)  calculation  of  the  flare  angle  of  the  nozzle  for  turbojet 
missiles; 

4)  correction  of  stabilization  elements  on  the  basis  of  results 
obtained  in  windtunnel  tests  and  test  firings; 

5)  working  out  of  production  problems  with  respect  to  the 
stabilization  elements  of  the  missile; 

6)  estimate  of  anticipated  firing-accuracy  parameters  for  the 
missile  being  designed. 

The  procedure  for  the  planning  and  design  of  the  spacers  and 
other  auxiliary  elements  in  the  design: 

1)  the  selection  and  Justification  for  the  type  of  connection 
unit  (demountable,  nondemount able,  threaded,  welded) ; 

2)  the  selection  of  the  structural  diagram  for  the  connection 
and  shape  of  the  component  parts; 

3)  strength  calculations  for  the  component  parts  and  the  entire 
unit  from  the  standpoint  of  hermetic  sealing,  rigidity,  permenance 
of  Joints; 

4)  working  out  of  production  problems  with  respect  to  individual 
components  and  the  assembly  of  the  entire  unit. 

In  the  design  of  the  solid- propellant  grain  (charge)  of  the  en¬ 
gine,  the  selection  and  calculation  of  the  Igniter  for  the  class  of 
engines  under  consideration  presents  no  particular  difficulties  and 
can  be  reduced  to  the  selection  of  weighted  portions  of  black  powder 
which  Is  used  to  bring  the  basic  charge  to  a  regime  of  stable  com- 
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bustlon.  With  respect  to  the  design  of  the  basic  charge,  however, 
it  should  be  pointed  out  that  this  problem  is  extremely  complex 
and  is,  in  essence,  basic  to  the  design  of  the  engine.  The  sequence 
of  work  to  be  carried  out  in  the  design  of  the  working  propellant 
charge  can  be  as  follows . 

The  procedure  for  the  planning  and  design  of  the  solld-pro- 
pellant  working  charge  is  as  follows: 

1)  the  selection  of  the  brand  of  powder  (or  other  solid  pro¬ 
pellant),  taking  into  consideration  the  basic  tactical-technical 
requirement  imposed  on  the  parameters  of  interior  ballistics  and 
the  operating  conditions  for  the  missile. 

An  analysis  of  the  raw  materials  available  for  the  selected 
composition  of  the  solid  propellant  from  the  standpoint  of  fabri¬ 
cating  it  in  great  quantities  under  unfavorable  conditions; 

2)  the  selection  of  the  working  pressure  in  the  combustion 
chamber,  from  the  standpoint  of  providing  the  required  thrust  param¬ 
eters  and  for  dcable  sol id- propellant  combustion  within  a  given 
interval  of  initial  temperatures; 

3)  calculations  of  the  parameters  of  interior  engine  ballistics 
(calculation  of  grain  combustion); 

4)  the  geometric  design  of  the  charge  and  the  Justification  of 
the  adopted  grain  shape; 

5)  the  insertion  of  the  grain  into  the  combustion  chamber; 

6)  correction  of  engine  and  charge  in  accordance  with  results 
of  combustion  and  Ignition  teats  on  test  engines. 

In  the  designing  of  specific  grain  specimens,  the  sequence  of 
solving  individual  design  problems  and  the  scope  of  the  work  being 
done  can  differ  in  individual  cases  (particularly,  in  the  case  of 
designing  special  grain  shapes)  from  those  cited  in  the  procedures 
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above.  Therefore,  a  creative  approach  Is  required  for  the  above- 
mentioned  procedures,  and  each  should  be  adapted  to  agree  with  a 
specific  missile  design  and  the  contents  of  the  tactical-technical 
requirements  for  this  missile. 
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Chapter  3 

DESIGN  OP  MISSILE  WARHEAD 
§  1 .  DEMOLITION  WARHEAD 

Basic  Design  Characteristics  of  a  Demolition  Warhead 

Demolition  missiles  belong  to  the  class  of  basic-designation 
missiles  and  are  Intended  for  the  destruction  of  various  defensive 
structures . 

The  parameters  of  the  combat  effectiveness  of  a  demolition 
missile  are  totally  detennlned  by  the  characteristics  of  the  explo¬ 
sive  employed,  the  weight  of  the  explosl\e  charge,  and  by  certain 
structural  elements  of  the  warhead  body. 

It  Is  the  general  practice  to  regard  the  basic  missile  force 
requirement  as  the  disposition  of  the  maximum  quantity  of  effective 
explosive  within  the  body  of  the  warhead,  so  that  It  Is  possible 
to  raise  the  force  of  the  demolition  warhead  by  using  a  more  power¬ 
ful  explosive  or  by  Increasing  the  capacity  of  the  explosive  cham¬ 
ber. 

The  first  method  Is,  for  all  Intents  and  purposes,  a  rather 
limited  means  of  Increasing  effectiveness,  since,  first  of  all,  the 
power  of  the  explosive,  l.e.,  the  reserve  of  Internal  explosive 
energy  liberated  on  detonation  has  a  certain  maximum  and,  secondly, 
with  Increased  power  the  sensitivity  of  the  explosive  to  external 
disturbances  also  Increases,  l.e.,  missile  safety  Is  affected  (re¬ 
duced),  In  operational  handling. 
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The  capacity  of  the  warhead  charge  chamber  can  be  Increased  — 
given  a  constant  missile  caliber  —  by  reducing  the  thickness  of 
the  walls  or  Increasing  the  length  of  the  warhead.  In  this  case, 
the  minimum  wall  thickness  must  be  such  that  the  missile  preserves 
structural  strength  on  Impact  against  an  obstacle,  and  the  maximum 
length  Is  limited  by  the  requirement  of  a  compact  demolition  explosion 
and  the  considerations  that  are  associated  with  the  conditions  of 
missile  stability  In  flight  (on  the  trajectory). 

The  basic  structural  characteristic  of  a  demolition  warhead. 
Indicating  the  relative  magnitude  of  the  explosive  weight  content. 

Is  the  missile  warhead  fill  factor 

1=^  100  H. 

which  amounts  to  50-60$^  for  the  most  effective  grains. 

Other  Important  structural  characteristics  of  a  demolition 
warhead  are  the  following: 

1)  the  relative  wall  thickness  of  the  warhead  frame  (body) 

«(8/300)  d  (M31,  USSR); 

2)  the  relative  warhead  length 

\.ch  “  1-5  d  (M31,  USSR); 

3)  the  coefficients  k^  and  k*  of  relative  weight,  whose  numeri¬ 
cal  values  are  presented  In  Chapter  2,  are  the  following: 

kg  =  kg/dm3, 

k*  =  P*/d^  kg/dm^. 

The  above  enumerated  stxnictural  characteristics  of  the  warhead 
are  extremely  Important,  since  the  average  statistical  values  of 
these  characteristics  can  be  used  successfully  for  tentative  rough 
calculations  in  the  pre-sketch  design  stage. 

Of  course,  it  should  be  borne  In  mind  that  the  warhead  param¬ 
eters  selected  by  means  of  these  structural  characteristics  must 
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necessarily  be  refined  during  the  subsequent  stages  of  work  on  the 
missile. 

Selection  of  Shape  of  Warhead  Frame  (Body) 

The  shape  of  the  frame  of  a  demolition  warhead  is  selected  on 
the  basis  of  making  provision  for  the  optimum  conditions  of  explo¬ 
sion  development  on  the  detonation  of  the  grain  against  a  given 
obstacle,  as  stipulated  in  the  tactical-technical  requirements. 
Moreover,  in  the  selection  of  shape  we  must  take  into  consideration 
the  product ion- engineering  requirements,  and  for  standard  missiles 
we  must  also  consider  the  requirement  of  minimum  aerodynamic  war¬ 
head  drag  during  flight . 

The  action  of  the  demolition  missile  at  the  target  is  composed 
of  two  moments;  the  penetration  of  the  grain  (charge)  into  the 
obstacle  and  the  detonation  of  the  grain  within  the  obstacle  at  a 
certain  set  depth.  Consequently,  the  selected  shape  must  provide 
primarily  for  ease  of  warhead  penetration  into  the  obstacle,  on 
the  one  hand,  and  for  maximum  explosion  shock-wave  parameters,  on 
the  other  hand. 

Design  practice  and  the  utilization  of  demolition  missiles 
has  demonstrated  that  from  the  standpoint  of  facilitating  missile 
penetration  into  a  free-flowing  obstacle  such  as  conventional  soils, 
the  most  suitable  shape  is  a  cone  having  an  angle  at  the  apex  of 
the  order  of 

^b.ch  =  18-20°  (It  may  be  -30°). 

A  warhead  with  an  ogive  curve  generatrix  is  somewhat  worse  in 
this  respect. 

Prom  the  standpoint  of  the  maximum  effect  of  the  demolition 
explosion  shock  wave  at  the  target,  the  most  desirable  warhead 
shape  is  that  of  a  sphere,  a  short  cylinder,  or  the  like.  These 


shapes  produce  a  high  fill  factor 
and  allow  for  compact  loading  of 
explosives  into  the  warhead  chamber, 
thus  making  it  possible  to  attain 
the  highest  parameters  of  demolition- 
explosion  effectiveness.  The  warhead 
shapes  that  are  optimum  from  the 
standpoint  of  effectiveness  exhibit 
the  shortcoming  of  difficulty  in 
assembly,  i.e.,  for  missiles  in  which 
the  warhead  is  situated  at  the  front. 

The  minimum  aerodynamic  resistance  (drag)  is  offered  by  a  war¬ 
head  shape  which  is  comprised  of  an  ogive  curve  and  a  cylinder, 
connected  without  exact  merging  of  the  edges  (Plg.  3.1).  A  shape 
of  this  type  makes  it  possible  to  reduce  the  coefficient  of  frontal 
missile- warhead  resistance  ^  by  Ifi  to  20^  in  comparison  with 

even  a  shape  exhibiting  maximum  generatrix  contact,  which  at  first 
seems  to  be  more  streamlined.  However,  a  shape  of  this  type  does 
not  lend  Itself  to  production  and  is  virtually  never  employed  in 
actual  designs.  The  use  of  this  shape  on  a  tentative  basis  makes 
sense  only  in  the  design  of  turbojet  missiles  where 

^x  sn  ~  ^x  b.ch' 

where  „„  is  the  coefficient  of  missile  frontal  resistance, 

X  sn 

whereas  for  finned  missiles  the  basic  portion  of  C„  is  composed 
of  the  resistance  of  the  tail  assembly  (50-70J^)  and,  consequently, 
the  effect  of  warhead  shape  will  be  Insignificant  on  the  total 

^x  sn* 

Thus  If  a  cone  Is  the  best  shape  from  the  standpoint  of  obstacle 
penetrability,  completely  different  shapes  are  optimum  for  purposes 
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Pig.  3-1 •  Shape  of  warhead, 
resulting  in  minimum  aero- 
dwamlc  resistance  (dragj . 
R)  ogive  curve  radius;  d) 
cylinder  diameter;  M)  point 
of  Intersection  between 
cylindrical  part  and  ogive 
curve . 


♦ 

% 


of  achieving  maximum  effectiveness  of  demolition  at  the  target  as 
well  as  from  the  standpoint  of  aerodynamics.  As  a  result,  the 
selection  of  shape  in  each  specific  design  case  can  be  reduced 
to  the  solution  of  the  problem  of  determining  the  group  of  require¬ 
ments  whose  fulfillment  should  receive  preference.  This  solution 
must  be  based  on  an  analysis  of  the  tactical-technical  requirements 
for  the  missile,  taking  into  consideration  the  adopted  structural 
diagram  of  the  missile,  which  determines  its  over-all  assembly. 

Calculation  of  the  Wall  Thickness  of  the  Demolition- Warhead  Frame, 
on  the  Basis  of  Strength  Conditions  on  Impact  Against  an  Obstacle 

Since  a  demolition  missile  is,  as  a  rule,  designed  with  the 
maximum  possible  fill  factor,  the  body  of  the  missile  warhead  in 
this  case  is  a  comparatively  thin-walled  structure.  Naturally,  the 
strength  of  this  structure  must  be  sufficient  to  withstand  all 
possible  external  loads  during  the  fabrication  process,  during 
storage,  in  transportation,  and  in  the  combat  utilization  of  the 
missile;  it  is  for  this  reason  that  the  maximum  warhead  wall  thick¬ 
ness  is  based  on  conditions  of  strength. 

In  an  analysis  of  all  possible  external  loads,  it  is  easy  to 
establish  that  the  greatest  loads  are  those  which  act  on  the  mis¬ 
sile  at  the  Instant  that  it  strikes  the  obstacle.  It  is  precisely 
this  Instant  at  which  the  missile  strikes  the  obstacle  that  is 
taken  as  the  calculation  base  for  the  determination  of  minimum  per¬ 
missible  wall  thickness.  It  should  be  borne  in  mind  that  the  strength 
of  the  body  must  be  adequate  to  withstand  not  only  the  initial  in¬ 
stant  of  impact  against  the  obstacle,  but  it  must  remain  intact 
until  the  detonation  of  the  e^qplosive  charge,  since  only  in  this 
case  will  the  conditions  for  the  complete  utilization  of  the  explo¬ 
sive  charge  at  the  target  prevail,  l.e.,  only  in  this  case  will  maxl- 
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mum  explosion  effectiveness  be  achieved. 


Selection  of  Critical  Cross  Section 

Let  us  examine  a  missile  at  some  arbitrary  Instant  of  missile 
penetration  Into  an  obstacle  (Plg.  3.2).  Neglecting  the  possible 
angle  of  attack  a  of  the  missile  on  the  last  segment  of  the  trajec¬ 
tory,  we  will  assume  that  the  Impact  of  the  missile  against  the 
obstacle  Is  normal;  moreover,  we  will  assume  the  Impact  to  be 
symmetrical,  which  for  angles  of  Incidence  close  to  the  usual  (40- 
50°),  results  In  no  basic  errors  In  subsequent  calculations,  but 
substantially  simplifies  the  computations. 

We  know  that  the  Internal  stresses  In  the  component  parts 
and  units  of  Individual  structures  are  produced  by  external  forces 
and  moments  acting  on  these  component  parts.  Therefore,  before  we 
consider  the  stresses  acting  on  the  wall  of  the  warhead  body,  let 
us  examine  the  external  loads  which  result  In  these  stresses .  In 
the  case  of  a  direct  strike,  the  external  loads  pertain  only  to 
forces,  and  here  In  accordance  with  Pig.  3.3»  these  forces  for  the 
part  of  the  warhead  body  Indicated  by  some  arbitrary  equatorial 
cross  section  MM  are  the  following: 

—  the  force  of  obstacle  resistance  to  penetration,  distributed 
over  the  part  of  the  warhead  frame  penetrating  the  obstacle  at  the 
Instant  of  time  ^  and  resulting  In  the  appearance  of  a  distributed 
load  p^  on  the  outer  surface  of  the  body; 

—  the  Initial  weight  of  the  metal  above  the  cross  section  MM, 
Pjl^n,  where  n  Is  the  overload  factor;  Is  the  weight  of  the  above- 
mentioned  metal,  defined  as  the  sum 

ch  weight  of  that  part  of  the  warhead  frame  above  the  cross 

section  MM;  P^^^  Is  the  weight  of  the  bottom  plate;  Pj^  ^  is  the 


weight  of  the  combustion  chamber; 


Pig.  3.2.  Missile  impact 
against  an  obstacle,  a)  actual 
diagram  of  impact;  b)  theo¬ 
retical  (calculation)  diagram 
of  impa£t;  9)  angle  of  inci¬ 
dence;  v)  velocity  at  Instant 
of  Impact . 


is  the  weight  of  the  stabilizer; 

—  the  pressure  (pn)  due  to  the 

equipment,  acting  on  the  inner  wall 

of  the  warhead  cavity. 

As  a  result  of  the  action  of 

these  loads,  two  basic  types  of 

stresses  are  developed:  longitudinal 

compressive  stresses  <j  »  f(p*n)  and 

z  '  m  ' 


circumferential  stresses  Og  =  f (pn) . 


If  we  assume  that  the  weight  characteristics  of  the  missile 


are  fully  known,  then  in  order  to  find  the  magnitudes  of  the  active 


stresses  we  must  also  know; 


—  the  magnitude  and  nature  of  change  in  overload  with  depth  of 


penetration; 


Fig.  3. 3.  Diagram  of  forces  acting  on 
the  warhead  In  the  case  of  missile  Im¬ 
pact  against  an  obstacle. 

—  the  counteraction  of  the  obstacle  to  missile  penetration. 
It  has  been  established  experimentally  that  the  magnitude  of 
overload  Is  a  function  of  penetration  depth;  here,  at  the  Instant 


Pig.  3.4.  Nature  of  change  in 
overload  n  as  a  function  of 
missile  penetration  into 
obstacle,  for  various  warhead 
shapes.  1^^)  depth  of  penetra- 


that  the  missile  has  penetrated 

approximately  to  a  depth  equal  to 

the  length  of  the  ogive  curve,  the 

overload  attains  n„„^.  Along  the 

max 

remainder  of  the  penetration  course, 
the  overload  gradually  diminishes 
to  zero  (pig.  3.4).  With  respect  to 
the  countereffect  of  the  obstacle, 
however,  it  can  be  taken  into 
consideration  in  first  approximation 


tlon,  corresponding  to  maxi-  if  it  is  assumed  that  the  pressure 
mum  overload;  1_„)  total  depth 

„  “P^  due  to  the  equipment  remains  constant 

of  penetration. 

in  those  sections  of  the  warhead 
that  have  penetrated  into  the  obstacle. 

If  we  take  all  of  the  above  into  consideration,  we  can  present 
the  diagrams  of  active  forces  for  various  Instants  of  time  in  the 
form  of  the  curves  shown  in  Pig.  3.5.  By  examining  the  curves  we 
can  satisfy  ourselves  that  the  "dangerous"  [critical]  cross  section, 
l.e.,  loosely  speaking,  the  cross  section  in  which  the  greatest 
forces  act,  shifts  with  respect  to  the  penetration  of  the  grain 
(charge)  into  the  obstacle,  from  the  nose  to  the  cylindrical  part 
of  the  missile.  However,  a  comparison  of  the  absolute  values  of  the 
forces  acting  at  various  Instants  of  time  (t^^,  tg*  ...)j  will  re¬ 
veal  that  the  true  critical  cross  section  AA  should  be  sought  at 
the  Instant  of  time  t^  at  which  the  greatest  inertial  overload  is 
acting  on  the  missile,  l.e.,  at  the  instant  of  time  at  which  the 
active  forces  are  at  their  maximum.  In  formal  terms,  the  critical 
section  in  this  case  may  be  assumed  to  be  any  equatorial  cross 
section.  However,  if  we  take  into  consideration  the  geometrical 
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features  of  the  warhead  and  the  fact  that  the  deformations  of  the 


cross  sections  within  the  obstacle  are  limited  by  the  counteraction 
of  the  very  medium  receiving  a  part  of  the  load,  It  should  be  as¬ 
sumed  that  the  actual  critical  cross  section  AA  will  be  situated 


approximately  at  the  point  at  which  the  ogive  curve  of  the  missile 


makes  the  transition  to  the  cylindrical  part  of  the  missile,  some¬ 
what  above  the  theoretical  point  of  contact  between  the  ogive  curve 


and  the  cylinder. 


Pig-  3-5-  Diagrams  characteriz¬ 
ing  change  In  longitudinal 
force  and  pressure  due  to 
equipment,  as  functions  of 
missile  penetration  Into  ob¬ 
stacle.  n^^,  ng,  and  n^)  the 

overloads  which  correspond  to 
the  Instants  of  time  t^,  tg, 

and  t^;  1)  t,  sec. 


The  cited  Justification  for 
the  selection  of  cross  section  AA 
as  the  critical  cross  section  is 
not  rigorous  and  is  based  primarily 
on  intuitive  concepts  regarding  the 
physics  of  this  phenomenon;  however, 
the  final  conclusion  cannot  be  sub¬ 
ject  to  any  doubt  and  can  be  con¬ 
firmed  theoretically  at  any  time 
by  means  of  rather  rigorous  relation¬ 
ships. 

Derivation  of  Tentative  Formulas  for 
Calculation  of  Stresses  in  the  Critical 
Cross  Section 

In  actual  practice,  it  is 
expedient  to  isolate  and  examine 
separately  two  calculation  cases: 
the  case  in  which  the  stresses  pro¬ 
duced  by  the  action  of  the  forces  of 


the  inertial  weight  of  the  metal  above  the  cross  section  AA  are 
determining  factors  in  warhead  body  strength,  or  the  case  in  which 
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Pig.  3.6.  A  missile  In  whose 
warhead  body  the  stresses  due 
to  the  Internal  pressure  of 
the  equipment  are  critical 
(dangerous) . 


these  stresses  are  the  stresses  from 
(pn) . 

The  first  case  is  found,  for 
example,  in  long-range  missiles  of 
normal  configuration  and  with  a 
relatively  low  fill  factor;  the 
second  case  is  found  with  a  missile 
of  the  type  shown  in  Pig.  3.6. 


In  the  first  case,  a  rather  rigid  cylindrical  shell,  compressed 
by  a  longitudinal  force  taken  as  the  calculation 


diagram.  Por  such  a  shell 


(3.1) 


and  the  condition  of  strength  will  be 


f  ‘  ’ 


(3.2) 


where  is  the  inertial  weight  of  the  metal  above  the  critical 

cross  section;  n^^^  is  the  maximum  overload;  d  is  the  caliber  of 

the  warhead;  d  is  the  dleimeter  of  the  inner  warhead  cavity; 
vn 

®szh  ultimate  compressive  strength  of  the  material;  C  Is 

the  safety  factor. 

Prom  (3.2)  we  can  derive  the  relationship  for  an  estimate  of 
the  limit  wall  thickness  6^^^,  for  which  it  is  sufficient  to  use  the 
obvious  relationship 


rf«-rf-24. 


by  means  of  which  it  is  easy  to  rearrange  (3*2)  to  take  the  follow¬ 
ing  form: 


««cai 
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This  expression  Is  a  quadratic  equation  for  the  sought  6*. 

2  ««t* 

formally  yielding  two  solutions 

but  which  In  essence  uniquely  defines  the  sought  magnitude  of  the 
minimum  permissible  wall  thickness 


y  -4  , 


H^iawC 

««c« 


(3.3) 


Pig.  3*7 •  For  the  determina¬ 
tion  of  stresses  due  to  pres¬ 
sure  (pn) . 


The  calculations  that  have  been 
presented  are  quite  tentative  and 
make  It  possible  to  evaluate  the 
magnitude  of  only  In  approxi¬ 

mate  terms. 

In  the  second  case,  the  cal¬ 
culation  diagram  Is  that  of  a  thln- 
walled  vessel  under  the  action  of 


Internal  pressure  (pn) .  Under  this  pressure,  circumferential  stresses 
Oq  are  developed  In  the  wall,  and  these  are  determined  In  accordance 
with  Pig.  3.7  by  the  following  relationship 

J.—  f-i  h) 

»4m  2«  ' 

The  condition  of  preservation  of  structural  strength 


where  is  the  ultimate  strength,  makes  It  possible  to  define  the 
minimum  wall  thickness  which  will  guarantee  body  strength  with  a 
safety  factor  C  as 


>f- 


(3.5) 
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or  In  terms  of  missile  caliber 


- 


(3.5') 


In  the  more  general  case,  it  is  not  Immediately  clear  which 
of  the  loads  —  the  "pressing"  weight  of  the  metal  or  the  pressure 
due  to  the  equipment  —  may  be  the  factor  responsible  for  missile 
destruction.  Here  we  must  analyze  the  complex  stressed  state  with 

active  stresses,  determined  by  the  following  relationships: 

Pin.-  > 


21  • 


(3.6) 


where  Is  the  radial  stress,  and  the  minimum  wall  thickness  must 
r 

be  determined  on  the  basis  of  the  so-called  equivalent  stress.  How¬ 
ever,  the  requirement  which  calls  for  the  consideration  of  all 
three  stresses  in  the  tentative  selection  of  occurs  compara¬ 

tively  seldom,  so  that  the  problem  need  not  be  considered  in  greater 
detail . 

We  can  see  from  Formulas  (3.3)  and  (3.5)  that  we  must  know  the 
magnitude  of  the  rated  (theoretical)  overload  for  the  calculation 
of  and  we  must  be  able  to  calculate  the  pressure  due  to  the 

equipment . 

With  respect  to  pn,  the  physical  nature  of  this  pressure  is 
such  that  it  represents  the  lateral  component  of  the  axial  stress 
developed  in  the  elastic-plastic  column  of  explosives  on  missile 
impact  against  the  obstacle.  The  magnitude  of  pn  could  be  calculated 
as  follows: 


#fi. 


(3.7) 
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where  is  the  weight  of  the  column  of  explosives  above  the  cross 
section  under  consideration;  P^n  Is  the  Inertial  weight  of  this 
column  of  explosives;  |x  Is  the  Poisson  coefficient;  K  Is  the  coef¬ 
ficient  by  means  of  which  we  take  Into  consideration  the  dynamics 
of  load  applications  on  Impact  as  well  as  certain  secondary  effects 
of  the  phenomenon. 

However,  there  are  no  reliable  values  for  the  constant  K, 
and  In  practical  calculations  It  Is  Impossible  to  employ  Relation¬ 
ship  (3-7).  At  the  present  time,  the  practice  Is  to  calculate  pn 
by  using  the  semi- empirical  calculation  relationships  of  the  follow¬ 
ing  type: 

^2.8) 

where  h^^  Is  the  height  of  the  cylindrical  part  of  the  body  (frame) 
above  the  cross  section  AA;  Ah  is  the  height  of  the  additional 
noncyllndrlcal  voliimes  In  the  upper  part  of  the  cavity  containing 
the  explosives;  n  is  the  overload  factor;  kg  are  the  experi¬ 
mental  coefficients. 


Calculation  of  Maximum  Overload  Acting  on  Missile  on  Impact  Against 
Obstacle 

The  overload  Is  denoted  by  the  nuimber  n  which  Indicates  the 
factor  by  which  the  mass  forces  are  Increased  In  the  case  of  their 
dynamic  application  in  comparison  with  their  magnitude  under  static 
conditions . 


(3.9) 


If  we  assume  that  the  mass  of  the  body  remains  constant  In 
the  phenomena  under  consideration,  from  (3.9)  we  will  obtain 


where  a  is  the  acceleration  which.  In  this  case,  characterizes  the 
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dynamics  of  force  application;  g  is  the  acceleration  of  gravity. 

Hence,  it  is  absolutely  necessary  to  know  how  the  missile  is 
decelerated  in  its  penetration  into  the  obstacle  for  purposes  of 
calculating  the  overload,  l.e.,  to  determine  the  relationship 
a  =  a(t)  or  at  least  to  be  able  to  calculate  the  quantity  a 

max 

If  we  hold  that  the  entire  kinetic  energy 


F  _ 

“  2  “  2^  ’ 

where  nip  =  *^p/S'  which  the  missile  possesses  at  the  instant  of  im¬ 
pact  against  the  obstacle,  is  expended  only  on  overcoming  the  re¬ 
sistance  of  the  medium  being  penetrated,  the  energy  balance  can  be 
determined  in  the  following  form 


2  ^COBp* 

where  is  the  total  work  of  the  forces  of  obstacle  resistance, 

sopr 

We  can  assume  in  tentative  calculations  that  the  resistance 
force  changes  linearly  from  some  to  zero  as  the  missile  pene¬ 

trates  deeper  into  the  obstacle,  so  that 


Now  we  will  have 


or 


(3.10) 


after  which  n^^^  is  defined  as 


(3.10') 


where  Vj^  is  the  missile  velocity  at  the  Instant  of  Impact  against 
the  obstacle;  is  the  total  depth  to  which  the  missile  could 
penetrate  into  the  obstacle,  if  all  of  the  kinetic  energy  of  the 


♦ 


I 
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missile  were  expended  on  the  overcoming  of  the  resistance  forces. 

The  short-term  effect  of  maximum  overload  produces  a  calcula¬ 
tion  factor 

(3«ll) 

where  *  <  1  Is  the  coefficient  by  means  of  which  we  take  Into 

consideration  the  Impact  conditions  and  certain  structural  fea¬ 
tures  of  the  warhead. 

With  respect  to  the  quantity  It  should  be  stated  that  at 
the  present  time  there  are  several  empirical  formulas  which  allow 
us  to  calculate  this  characteristic  with  sufficient  accuracy  for 
a  preliminary  analysis . 

Of  these  formulas,  the  most  widespread  are  the  following. 

1 .  The  Berezanskiy  formula 

(3-12) 

where  Is  the  depth  of  penetration.  In  m;  Qp  Is  the  weight  of 
the  missile  at  the  Instant  of  Impact  against  the  obstacle  (the 
passive  weight  of  the  missile).  In  kg;  d  Is  the  caliber  of  the 
missile.  In  m;  Vj^  Is  the  velocity  of  the  missile  at  the  Instant 
of  Impact,  In  m/sec;  X  Is  the  coefficient  of  missile  shape;  X 
equals  1.0  for  missiles  exhibiting  an  ogive  curve  having  a  height 
of 

I.W; 

X  equals  1.3  for  missiles  exhibiting  an  ogive  curve  having  a  height 
of 

*•«**»  2,5rf; 

kp  Is  the  coefficient  of  penetration  whose  magnitude  Is  determined 
by  the  properties  of  the  obstacle  (see  Table  3«l)' 


% 
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TABLE  3.1 

The  Berezanskiy  Coefficients  of  Penetration  (k  ) 
_ _ _ _ _  B 


1  ^  Thq  nperpatu 

- _ 1 

& 

*a 

/ 

1 

)  tlmraul  rpamit  h  rpiiiHTiiiM  iiopoau;  owNb  KiieiiKHl 

1.6.10-* 

OtCnHNK  N  lOMCtlltt 

)  O^MKiioMitKMi  iMCiuiiiiK  N  MMeTiitK;  necumii  H  tMth 

3.0.10-a 

I 

■NCTUi  cuutm 

L 

}  Mancidl  cjiama:  HSMCfNiKj  Mepuul  rfftn 

4,5- I<M 

( 

}  lUeOemcTMl  rpyat;  onepwiau  r4»m 

4s5«10-« 

( 

|)  IboTiua  MHu;  apeniil  umc;  aeiui.  cmaaaua  c  kmu- 
aeM;  oecoa  taaaraHl 

5.0- 1(M 

)  Seaaa  oaoTaaa;  o6inaoBeaatit  paeraraabaiil  rpyat 

6 

]  Boaoracna  mast;  Moapadl  rtHaacnil  rpyar 

S 

)  }Keteao0tioa 

1C 

]  Beroa  (maeaTaixpaBaTaiil) 

11 

)  Kapoaaau  ataxaa  at  aeneaie;  tytimaaa 

2.5- l(M 

l)  Type  of  obstacle;  2)  dense  granite  and 
granite  rocks;  extremely  strong  sandstone 
and  limestone;  3)  conventional  sandstone 
and  limestone;  sandy  and  argillaceous  shales; 
4|  soft  shale;  limestone;  frozen  soil; 

5)  gravely  soil;  hardened  clay;  6)  thick 
clay;  heavy  alluvial  deposits;  dirt  mixed 
with  rock;  moist  sand;  7)  packed  earth;  con¬ 
ventional  planting  soil;  8)  swampy  soil; 
wet  clay  soil;  9)  reinforced  concrete;  10) 
concrete  ( cement- granite ) ;  11)  stacked  bricks 
on  cement;  cobblestone  construction. 

2.  The  Petri  formula 


4— (3.13) 

where  is  the  depth  of  penetration,  in  m;  Is  the  weight  of 
the  missile  at  the  Instant  of  Impact  against  an  obstacle,  In  kg; 
d  Is  the  caliber  of  the  missile.  In  cm;  3^  Is  the  coefficient  of 
obstacle  properties  (see  Table  3.2);  f(vj^)  is  the  function  of  Im¬ 
pact  velocity  (see  Table  3.3). 

In  addition  to  Formulas  (3.12)  and  (3.13) »  we  may  also  en- 
coimter  In  the  literature  relationships  that  are  of  the  same  type 
as  those  proposed  In  his  time  by  Ponsele  [sic],  Val'ye  [sic], 
Vulch  [sic],  Zabudskly,  Peres  [sic],  Nobile  [sic],  and  other  in¬ 
vestigators.  There  Is  no  basic  difference  between  these  formulas, 
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TABLE  3.2 

Coefficients  X£  ^  Obstacle 

Properties  for  the  Petri  Pene¬ 
tration  Formulas 


1  ^  Tho  nperptjlH 

lb 

i  )  Ckim  ntecTKOMff  * 

0.43 

J  1  KSMtllMf  KMlKi 

0.91 

^  1  Bctom  cpejiMero 

0.64 

1  i  J  KMpnMmi  KMAM 

1.63 

'V  ne€<i«Null  rpyuT 

2.04 

)  Seifjia  c  pacTMTeMHuji  noxpoBOM 

3.66 

)  MarxKi  raMUHCTufl  rpy ht 

5.87 

l)  Type  of  obstacle;  2)  lime¬ 
stone  rock;  3)  rock  pile; 

4)  medium- quality  concrete; 

5)  brick  pile;  6)  sandy  soil; 

7)  ground  with  seed  cover; 

8)  soft  clay  soil. 

^m(e) 
soils 


and  the  apparent  difference  only  In¬ 
dicates  the  Individual  approach  of 
each  of  the  Investigators  to  the 
solution  of  the  posed  problem.  As 
an  example,  we  will  cite  the  Nobile 
formula . 

» w  m»  ( 3 .  l4 ) 

where  Pg  =  qp/C^^d^A)  Is  the  lateral 
load,  In  kg/cra^;  X  Is  the  coefficient 
of  shape;  X  =  1  for  pointed  missiles; 
X  =  1.5  for  blunt  missiles;  kj^  Is 
the  coefficient  of  medium  properties; 


Is  the  coefficient  of  Impact  velocity  for  solid  obstacles  and 
(according  to  the  subscripts) . 


TABLE  3.3 

Values  of  the  Velocity  Function  f(v.  )  for  the  Petri  Pene¬ 
tration  Formulas  ^ 


l)  MajMe  ompocTH  jtMpt 


40 

60 

60 

too 

120 

140 

100 

180 

200 

220 

A*,} 

0.33 

> 

0.72 

1.21 

1.78 

2.36 

2.97 

3.38 

4.18 

4.77 

8.31 

2) 

Pm 

240 

260 

280 

300 

320 

340 

300 

380 

. 

400 

420 

/M 

8.80 

8.41 

8.92 

7.40 

7.87 

8.31 

8.74 

9,18 

0.84 

9.92 

1)  Low  Impact  velocities;  2)  average  Impact  velocities. 


On  the  basis  of  the  terms  and  coefficients.  Formula  (3. A)  Is 
similar  to  Relationships  (3.12)  and  (3.13) >  which  we  examined  In 
detail  and  which  were  selected  as  the  basic  relationships  because 
the  coefficients  In  these  formulas  were  determined  In  greatest  de- 

-  67  - 


tall  and  the  greatest  quantity  of  experimental  material  was  general¬ 
ized  In  their  derivation. 

Evaluation  of  Missile  Effectiveness  at  the  Target 

The  combat  effectiveness  of  a  demolition  missile  against  an 
obstacle  Is  measured  In  terms  of  the  destruction  of  this  obstacle 
by  the  gaseous  products  of  the  exploding  charge  and  the  fragments 
of  the  warhead  shell.  It  has  been  established  In  practice  that  the 
basic  destructive  factors  of  a  demolition  explosion  are  the  explo¬ 
sion  shock  wave,  the  stream  of  fragments,  and  the  seismic  effect 
of  the  explosion. 

Under  combat  conditions,  the 
force  of  a  demolition  missile  Is 
evaluated  In  terms  of  the  combined 
destructive  effect  of  all  three 
factors,  and  In  this  case  the  depth 
of  the  crater  that  Is  formed  In 
the  ground  as  a  result  of  the  ex¬ 
plosion  (Pig.  3.8)  Is  generally 
taken  as  the  standard  measure  of 

In  a  tentative  determination  of  the  effectiveness  of  a  demo¬ 
lition  missile,  the  characteristic  depth  H  (in  m)  can  be  evaluated 
In  accordance  with  the  following  emperlcal  formula: 

(3-15) 

where  k^^  some  coefficient  which  characterizes  the  extent  to 
which  the  obstacle  yields  to  the  action  of  the  explosion;  C  Is  the 
coefficient  which  characterizes  the  effect  of  the  depth  h.  In  m,  of 
missile  explosion  on  the  effectiveness  of  explosion;  Is  the 


Fig.  3.8.  Theoretical  dimen¬ 
sions  of  the  crater  formed  In 
the  soil  on  the  explosion  of 
a  missile  at  a  depth  h.  1) 
Soil  thrown  out . 


comparative  explosion  force. 
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weight  of  the  combat  charge,  or  it  Is  possible  to  use  an  even 


simpler  relationship 


(3.15*) 


where  the  coefficient  C  Is  employed  to  take  Into  consideration  the 
features  of  the  obstacle  and  the  effect  of  charge  explosion  at 
various  depths;  the  numerical  values  of  this  coefficient  are  pre¬ 
sented  In  Table  3.4. 


TABLE  3.4 

Values  of  the  Coefficient  C 


l)  Tiin  nperpaxu 


2)3HaieHHe  Kos4>4>*iiv<eHTa  C 


3 )  KancHHaa  KaajiKa;  f  A  ao  1.5  m 
octoh:  cKa.ia;  {  A  ao  2,0  m 
(  A>2,0ae 

ollcOiiH  n  HccBflSHiiie  Hachinit 
3)p0u<iHbie  rp/HTu 
5  jMCoacsoOeTOH 


5.0 

4.0 

3.6 

3.0 

1,0  (cpeaHee  SHaieHHo)  7 ) 
0,7  (cpeaHce  SHaqoMHO) 

8,0 


1^  Type  of  obstacle;  2)  value  of  the  coefficient  C; 

3)  rock  pile;  concrete;  rock;  4)  gravel  and  loose 
mounds;  5)  conventional  soils;  6)  reinforced  concrete; 

7)  average  value. 

If  the  explosion  takes  place  directly  at  the  surface  of  the 
obstacle,  all  other  conditions  being  equal,  the  formed  crater  will 
be  smaller;  the  depth  of  such  a  crater  is  generally  estimated  In 
accordance  with  the  following  formula; 

(3.16) 

where  k^'^  Is  some  coefficient  similar  to  the  coefficient  k^^  in 
Formula  (3-15)  (see  Table  3.5);  h^^  ^  is  the  coordinate  of  the 
center  of  gravity  of  the  missile  warhead  at  the  Instant  of  explo¬ 
sion  with  respect  to  the  surface  of  the  obstacle  (Pig.  3.9)  (more 
exactly,  this  is  not  the  coordinate  of  the  center  of  warhead  gravity, 
but  the  corresponding  coordinate  of  the  explosive  charge) . 


TABLE  3.5 

Values  of  the  Coefficient  k*'  . 

vz 


1)  Type  of  obstacle;  2)  value  of  the 
coefficient  mellow  soil;  4)  soil 

with  sand  and  gravel;  5)  conventional 
soil;  6)  packed  pure  sand;  7)  soil  mixed 
with  stones;  8)  limestone  rock;  9)  con¬ 
crete;  10)  reinforced  concrete. 

It  has  been  demonstrated  in 
practice  that  the  maximum  explosive 
effect  (the  dimensions  of  the 
crater  formed  in  the  soil)  are  ob¬ 
tained  if  the  explosion  takes  place 
at  a  depth,  which  for  a  missile 

Pig.  3.9.  Determination  of  the  carrying  an  explosive  charge  welgh- 
coordlnates  of  h.  ^  when 

using  the  calculation  Formula  approximately 

*»-(«, »6-eO.S6)Wi;  m,  (3-17) 

lirith  missile  explosion  at  any  depth,  direct  destruction  due 
to  the  explosion  is  noted  over  a  certain  region  with  a  limit  radius 
which  originates  at  the  point  of  explosion  and  is  determined  by 
the  relationship 

where  k^,  is  the  coefficient  whose  numerical  values  for  various  ob¬ 
stacles  are  presented  in  Table  3 >6. 
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This  area  is  referred  to  as  the  region  of  destruction  or  the 
sphere  of  destruction.  In  addition  to  the  sphere  of  destruction, 
there  are  also  the  so-called  spheres  of  compression  and  percussion, 
in  an  explosion,  which  are  characterized  by  the  presence  of  certain 
characteristic  deformations  in  the  obstacle.  If  the  missile  pene¬ 
trates  into  the  obstacle  to  the  following  depth 

the  explosion  does  not  expose  the  entire  thickness  of  the  obstacle 
but  rather  a  so-called  camouflet  is  formed.  In  the  case  of  a  camou- 
flet,  the  effect  of  the  destructive  shock  wave  and  the  fragments 
goes  virtually  unused,  but  the  seismic  effect  of  the  explosion  is 
at  its  maximum. 


TABLE  3.6 

Values  of  the  Coefficient  k„. 

r 


1 ) 

SiuaeMNe  ico9^N* 
vieaTa  kp 

})3eiiJUi  piuMU 

1.4 

.)OatwMMawil  rpyn 

l.«  * 

jjntcoK 

1.0-1.04 

C  MCKOM 

0.96 

■  oecwuiK 

0.93 

))lCllltaMM  KMUIBa 

0.84 

•  0.77 

)))Kcmo6eToa 

0.6-0,7 

1 

t 


)  Type  of  obstacle 
he  coefficient  k^,; 


value  of 
mellow  soil 


» 


4]  conventional  soil:  5)  sand; 

6)  clay  with  sand;  7)  limestone  and 
sandstone:  8}  stone  pile;  9}  con¬ 
crete;  lo)  reinforced  concrete. 


Selection  of  Explosive.  Calculation  of  Time  of  Delayed  Action  Assur¬ 
ing  Maximum  Missile  Effectiveness 

Demolition  warheads  are  made  with  two  types  of  nose  or  side 

fuses  —  an  Impact  (instantaneous)  fuse  and  an  inertial  (delayed- 
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action)  fuse,  the  latter  delaying  the  explosion  somewhat. 

Impact  (contact)  fuses  are  used  for  thln-walled  warheads,  and 
these  are  characterized  by  the  highest  posslbie  fill  factors  and 
relatively  low  strength.  Causing  the  missile  to  detonate  at  the  sur¬ 
face  of  the  obstacle,  such  fuses  predetermine  the  application  of 
the  effect  of  the  explosion  shock  wave  as  the  basic  destructive 
factor  of  the  explosion. 

In  the  case  of  delayed-action  fuses,  the  explosion  takes  place 
at  some  depth  and  Its  destructive  effect  Is  determined  not  only  by 
the  shock-wave  parameters  but  by  the  seismic  effect  of  the  explosion 
as  well.  The  basic  problem  that  arises  In  the  selection  of  a  delayed- 
action  fuse  Is  the  one  relating  to  the  matter  of  obtaining  a  delay 
In  the  explosion  such  that  the  effect  of  missile  explosion  will  be 
the  maximum.  Bearing  In  mind  the  existence  of  an  optimum  depth  of 
explosion  we  have  the  problem  of  determining  the  optimum 

delay  and  this  can  be  reduced  to  the  calculation  of  the  time  re¬ 
quired  for  the  missile  to  penetrate  to  a  depth  h^p^.  In  this  case. 

If  we  assume  that  the  motion  of  the  missile  In  the  obstacle.  In 
first  approximation.  Is  decelerated  uniformly,  we  can  use  the 
following  well-known  relationship  for  uniformly  decelerated  motion 
for  purposes  of  calculation: 


from  which  It  Is  easy  to  obtain  t  =  t(^)  In  the  following  form: 


If  we  bear  In  mind  that  in  our  denotations 


/ 


t 
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and 


and  that  in  accordance  with  Formula 
(3.10)  and  the  assumption  of  uniform 
missile  deceleration,  the  following 
equation  will  be  valid 


and  we  will  obtain 


Pig.  3.10.  For  the  determine-  i  .  1/ 

tlon  of  the  optimum  delay  time  tiati{  ’ 

for  a  delayed-action  fuse. 

whence  the  final  calculation  relation¬ 
ship  for  the  estimation  of  optimum  fuse  delay  time  T^p^.  is  determined 
as  follows: 


(3.18) 


Here  3^^^  Is  the  total  depth  of  penetration  which  is  calculated 
for  the  given  missile  in  accordance  with  Formulas  (3.12)  or  (3.13); 

Vj^  Is  the  velocity  of  the  missile  at  the  Instant  of  impact  with  the 
obstacle;  h^p^  Is  the  optimum  depth  at  which  the  fuse  of  the  given 
missile  should  be  actuated;  a  Is  the  angle  at  which  the  missile 
strikes  the  target. 

The  T^p^  found  In  this  manner  Is  quite  tentative  and  Is  re¬ 
fined  finally  In  accordance  with  the  results  obtained  In  test  firings 
of  a  control  group  of  missiles. 

If  there  Is  a  discussion  In  the  tactical- technical  require¬ 
ments  of  the  type  of  fuse  Involving  a  certain  definite  delay  or  If 
the  fuse  type  has  been  selected  on  the  basis  of  some  special  con¬ 
siderations,  then  the  depth  h  at  which  the  Initiation  of  the  fuse 
emd  the  explosion  will  take  place  under  conditions  of  combat  appli¬ 
cation  of  the  missile  against  any  given  obstacle  can  be  detezmilned 
(estimated)  on  the  basis  of  the  relationships  presented  above.  The 


following  will  be  the  corresponding  calculation  relationship: 

(3.19) 

where  T  Is  the  delay  time  of  the  fuse  being  en5)loyed  (the  remaining 
denotations  are  the  same  as  before) . 

It  Is  precisely  on  the  basis  of  the  numerical  value  of  this 
depth  that  we  should  seek  In  tables  the  coefficient  C  of  depth  of 
explosion  that  Is  required  for  the  application  of  the  following 
formula 

by  means  of  which  we  can  estimate  the  comparative  effectiveness  of 
the  warhead  being  designed. 

It  should  be  stressed  that  In  order  to  obtain  maximum  combat 
effectiveness  of  the  Item  being  designed,  the  selection  of  the  fuse 
must  be  without  fault  and.  In  particular,  the  fuse  Itself  must 
assure  a  delay  which  will  guarantee  the  Initiation  of  the  fuse  at 
the  optimum  depth. 

§  2.  FRAOMENTATION  WARHEAD 

Basic  Structural  Characteristics  of  Fragmentation  and  Fragmentation- 
Demolition  Warheads 

Fragmentation  missiles  are  Intended  for  firing  against  air  and 
ground  targets.  Including  combat  equipment  and  the  enemy's  combat 
forces.  In  accordance  with  the  designation  of  fragmentation  missiles, 
the  basic  requirements  Imposed  on  these  can  be  reduced  to  the  obtain¬ 
ing  of  the  maximum  quantity  of  lethal  fragments  and  the  maximum 
possible  effective  fragment  (shrapnel)  range. 

As  a  rule,  a  fragmentation  warhead  must  have  a  rather  thick- 
walled  shell  and  only  sufficient  explosive  material  In  order  to 
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fragment  the  shell  Into  the  lethal  fragments  as  well  as  to  Impart 
the  required  Initial  velocity  to  these  pieces  of  shrapnel. 

A  fragmentation  warhead  Is  characterized  by  the  following 
structural  parameters: 

1)  a  relative  warhead  length  which,  for  example,  for  the 
missile  amounts  to 

2.  Irf; 

2)  a  relative  wall  thickness  for  the  warhead  body 

(m8,  USSR); 

3)  the  fill  factor 

4)  the  coefficients  and  k^  of  relative  weight,  where  on 
the  average 

*e=^»6,0  kg/dm^, 

A*=^asl.O  kg/dm^. 


Fragmentation-demolition  missiles  are  Intended  to  produce  shell 
fragments  In  attacks  against  an  enemy's  combat  forces  and  equipment, 
as  well  as  to  produce  the  destructive  force  of  a  shock  wave  whose 
action  can  be  directed  against  defense  Installations.  In  terms  of 
combat  and  design  parameters,  warheads  of  fragmentation-demolition 
missiles  are  classified  In  some  Intermediate  position  between  frag¬ 
mentation  and  demolition  missiles. 

The  parameters  of  a  typical  fragmentation-demolition  warhead 
of  a  solid-propellant  rocket  missile  have  the  following  values: 
l)  a  relative  warhead  length 

(M13,  USSR); 


2)  a  relative  wall  thickness 


U2 


(M13,  USSR); 


3)  a  fill  factor  r\  =  255^; 

4)  coefficients  of  relative  missile  and  equipment  weight 

kg/dm^, 

*•*2.0  kg/dm^. 

Selection  of  Shape  for  Fragmentation  Warhead 

The  body  shape  of  a  fragmentation  warhead  is  selected  on  the 
basis  of  the  conditions  required  to  provide  for  uniform  fragmenta¬ 
tion  of  the  entire  shell  Into  the  smallest  possible  (minimum  weight) 
lethal  fragments.  Fragments  In  this  case  are  regarded  lethal  If 
they  are  capable  at  a  given  distance  to  take  out  of  action  some  pro¬ 
posed  target  or  to  damage  the  vital  parts  of  unarmored  combat  equip¬ 
ment  . 

On  the  basis  of  existing  information  it  is  possible,  to  re¬ 
gard  as  lethal  a  fragment  which  exhibits  a  kinetic  energy  of  the 
order  of  10  kg/m,  weighing  no  less  than  5-10  g,  at  the  instant  of 
contact  with  the  target. 

In  addition  to  the  basic  requirement  with  respect  to  the  shape 
of  a  fragmentation  warhead  —  uniformity  of  shell  fragmentation  — 

It  should  also  be  borne  in  mind  during  the  design  stage  that  the 
shape  must  correspond  to  the  adopted  structural  assembly  of  the 
missile  and  the  shape  must  provide  for  convenient  assembly  of  the 
Individual  missile  vinlts. 

Prom  the  standpoint  of  fragmentation  uniformity  it  Is  neces- 
sai^  to  begin  with  a  shape  which  will  provide  for  symmetry  In  the 
stressed  state  over  the  entire  warhead  surface.  The  most  suitable 
shape,  from  this  standpoint.  Is  the  spherical  or  cylindrical  shape 
given  the  condition  that  the  Initiation  of  the  explosion  takes  place 
from  the  center  of  the  warhead  or  along  the  warhead's  axis  of 
symmetry. 
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The  requirements  associated  with  the  assembly  of  the  missile 
are  presented  as  optimum  from  the  standpoint  of  the  shape  of  the 
ogive  curve  or  the  cylinder. 

It  follows  from  what  has  been  said  above  that,  all  other  con¬ 
ditions  being  equal,  the  basic  premise  for  the  design  of  fragmenta¬ 
tion  armament  (missiles)  must  be  a  cylindrical  warhead  made  in  the 
form  of  a  flxed-thlckness  shell  having  a  system  of  central  axial 
initiation.  On  the  one  hand,  in  this  case  the  fragmentation  warhead 
Is  relatively  simple  and  lends  Itself  to  production,  and  on  the 
other  hand.  It  Is  the  most  powerful  warhead. 

However,  for  example,  missiles  of  standard  configuration  as 
a  rule  cannot  be  made  with  a  warhead  of  this  type.  In  fact,  the 
need  for  a  special  ballistic  cowling  in  the  case  of  a  cylindrical 
warhead  on  a  missile  of  conventional  configuration  substantially 
Increases  the  length  of  the  foward  part  of  the  missile  while 
virtually  not  changing  the  position  of  the  missile  center  of  gravity, 
thus  reducing  the  stability  of  the  missile  In  flight. 

A  spherical  warhead  has  not  yet  come  into  practical  use  be¬ 
cause  of  extreme  difficulties  in  mounting  such  a  shape  on  any  of 
the  possible  structural  missile  configurations. 

Designs  for  Fragmentation  Warheads  which  will  Provide  for  Shell 
Fragmentation  Into  a  Given  Quantity  of  Fragments 

In  the  explosion  of  conventional  fragmentation  warheads  a  cer¬ 
tain  quantity  of  nonuniform  (with  respect  to  weight)  fragments  are 
formed,  and  of  these  only  some  are  capable  of  inflicting  actual 
damage.  It  has  been  established  that  of  the  total  weight  of  warhead 
body  metal  up  to  30-40$^  is  expended  on  the  formation  of  small  frag- 
^  ments  which  do  not  possess  sufficient  energy  to  damage  the  target, 

i.e.,  in  actual  fact  these  fragments  are  useless  from  the  stand- 
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point  of  effectiveness  In  damaging  the  target .  Moreover,  a  group 
of  major  fragments  Is  formed  In  the  explosion  and  these  possess 
energy  that  Is  in  excess  of  that  required  for  the  given  target. 

As  a  result,  only  a  comparatively  small  part  of  the  metal  of  the 
missile  shell  is  employed  usefully. 

The  presence  of  fragments  exhibiting  Inadequate  or  excessive 
energy  for  the  damaging  of  a  given  target  reduce  the  number  of  optimum 
lethal  fragments,  l.e.,  the  combat  effectiveness  of  the  missile. 

The  effectiveness  of  fragmentation  warheads  can  be  increased  sub¬ 
stantially  by  the  forced  fragmentation  of  the  shell  into  a  given 
quantity  of  fragments  of  required  weight . 


Pig.  3. 11.  Fragmentation  war¬ 
head  with  rectangular  notched 
grid. 


Pig.  3.12.  Fragmentation  war¬ 
head  with  rhombic  notched  grid. 


The  attempts  to  control  the  destruction  of  the  warhead  so  as 
to  obtain  the  greatest  possible  quantity  of  lethal  fragments  of 
minimum  weight  were  undertaken  as  far  back  as  the  iSyO's  —  l880's. 
However,  missile  designs  at  that  time  were  so  cumbersome  and  un¬ 
reliable  that  they  found  no  practical  application.  The  first  suit¬ 
able  solutions  to  the  problem  of  shell  fragmentation  into  a  given 
quantity  of  fragments  of  given  weight  appeared  very  much  later. 

Let  us  examine  some  of  the  warhead  conflgviratlons  which  provide 
the  given  shell  fragmentation. 

Figure  3.11  shows  a  warhead  which,  generally  speaking,  can  be 
fabricated  in  some  other  shape,  depending  on  the  assembly  of  the 
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units  in  the  adopted  structural  configuration  of  the  mlssllej  this 
particular  warhead  Is  distinguished  by  the  fact  that  a  grid  of 
special  notches  has  been  cut  into  its  surface.  These  notches  are 
stress  concentrators  and  denote  the  sections  into  which  the  shell 
will  be  fragmented  on  explosion.  Experimental  explosions  have 
shown,  however,  that  the  notched  grid  shown  in  Pig.  3.11  does  not 
produce  reliable  shell  fragmentation  along  the  notch  lines,  since 
there  Is  generally  no  explosion  along  the  lateral  notches. 

The  fragmentation  can  be  stabilized  if  the  notched  grid  is 
cut  Into  the  surface  of  the  missile  at  a  certain  angle  to  the  axis 
of  the  cylinder  (a  rhombic  notched  grid),  as  shown  in  Fig.  3.12. 

The  angle  of  inclination  of  the  notched  lines  is  a  function  of  cer¬ 
tain  structural  parameters  and  the  characteristics  of  the  warhead 
material;  this  angle  can  be  calculated  in  each  specific  case.  The 
magnitude  of  this  angle  is  a  function  of  the  diameter  of  the  missile 
body  and  Is  constant  therefore  only  for  the  cylindrical  part  of  the 
warhead;  in  the  case  of  the  ogive-curve  section,  the  angle  of  in¬ 
clination  of  the  notched  line  changes  continuously  so  that  the  line 
itself  becomes  a  complex  helical  curve  of  variable  pitch. 

If  the  warhead  of  a  fragmentation  missile  is  designed  in  the 
shape  of  a  straight-line  cylinder,  the  telescope  assembly  of  two 
tubes  with  an  assured  tension  will  prove  to  be  an  extremely  effec¬ 
tive  design.  Rhombic  notched  grids  are  cut  into  the  inner  surface 

V 

of  the  outer  tube  and  the  outer  surface  of  the  inner  tube,  the  lines 
of  these  grids  coinciding  with  each  other.  We  can  also  cite,  for 
example,  such  other  highly  effective  missile  designs  as  the  pre- 
fabricated-cemented  warheads  and  certain  others. 

Calculation  of  the  Parameters  of  the  Fragmentation  Action  of  a  Missile 

The  mechanism  of  warhead-shell  fragmentation  In  the  case  of  an 
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explosion  is  an  extremely  complex  phenomenon  whose  theoretical  study 
Is  made  even  more  complicated  by  the  fact  that  during  the  course 
of  the  basic  processes  there  arise  certain  factors  which  have  a 
substantial  effect  but  do  not  lend  themselves  to  rigorous  examina¬ 
tion.  Nevertheless,  as  far  back  as  the  last  century  various  investi¬ 
gators  have  made  attempts  to  derive  calculation  formulas  by  means  of 
which  it  would  have  been  possible,  for  example,  to  calculate  the 
number  of  fragments  formed.  Of  these  investigators  we  should  mention, 
first  of  all,  Yustrov  and  Yulovskly.  In  their  work  on  the  problem  of 
missile- shell  fragmentation  into  a  given  number  of  fragments,  and 
they  did  this  work  Independently  of  each  other,  they  came  to  the 
conclusion  that  the  following  missile  parameters  affect  the  process 
of  fragmentation  and  determine,  in  the  final  analysis,  the  number  of 
fragments  formed: 

—  missile  weight  and  caliber, 

—  weight  of  bursting  charge  and  characteristics  of  explosive 
material, 

—  mechanical  characteristics  of  the  metal  used  in  the  shell, 

—  angle  of  missile  impact  agalr^st  the  obstacle, 

—  type  and  characteristics  of  fuse,  etc. 

Of  all  the  calculation  relationships  the  simplest  and  yet  the 
most  reliable  is  the  formula  proposed  by  Yustrov,  which  determines 
the  relationship  between  the  number  of  fragments  and  the  basic 
parameters  of  the  warhead  in  the  following  form: 

(3.20) 

where  N  is  the  number  of  fragments  that  are  formed  on  the  explosion 
of  the  warhead;  is  the  coefficient  whose  magnitude  Is  a  function 
of  the  properties  of  the  explosive  (BB)  used  as  the  bursting  charge 
(for  TNT  a  =  46);  is  the  weight  of  the  eiqploslve  charge,  in  kg; 
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d  is  the  caliber  of  the  warhead  in  cm;  is  the  ultimate  strength 
of  the  material.  In  kg/mm  j  Is  the  elasticity  limit,  in  kg/rratr; 

C  is  the  elongation  on  explosion.  In  X  is  the  total  structural 
parameter  which  determines  the  fragmentation  capacity  of  the  mis¬ 
sile,  and  has  the  following  average  values  for  warheads  with  various 
fill  factors  Tj; 

X  =  1.8  (at  n=  7^), 

X  =  1.5  (at  n  =  10^), 

X  =  1.4  (at  T)  =  15^). 

Formula  (3.20)  can  be  used  to  determine  only  the  total  number 
of  fragments,  without  being  able  to  determine  the  number  of  lethal 
fragments,  and  this  is,  for  all  intents  and  purposes,  less  signifi¬ 
cant.* 

A  more  exact  determination  of  the  total  quantity  of  fragments 
formed  on  the  explosion  of  any  given  warhead,  and  the  determination 
of  the  distribution  spectrum  with  respect  to  mass,  can  be  obtained 
only  on  the  basis  of  statistical  data  produced  in  the  explosion, 
in  an  explosion  test  pit,  of  a  experimental  models  of  the  warhead 
being  designed  (see  Chapter  7). 


a) 


Pig.  3 .IS.  Diagram  of  fragment  scatter¬ 
ing  on  warhead  explosion,  a)  Plane  dia¬ 
gram;  b)  three-dimensional  diagram. 

On  the  explosion  of  the  missile,  the  fragments  are  scattered 
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in  space  In  a  nonuniform  manner.  The  nature  of  this  dispersion  cor¬ 
responds  approximately  to  the  diagram  shown  in  Pig.  3.13*  In  the 
final  analysis,  the  actual  number  of  effective  lethal  fragments 
must  be  determined  on  the  basis  of  a  consideration  of  the  features 
exhibited  by  the  actual  scattering  of  the  fragments. 

An  important  parameter  which  affects  the  lethal  nature  of  a 
fragment  and  which  determines  the  maximum  distance  over  which  the 
fragment  preserves  its  lethal  characteristics  is  the  initial  velo¬ 
city  of  the  fragment.  This  velocity  is  a  function  of  a  number  of 
warhead  parameters  (the  fill  factor,  the  rate  of  explosive  detona¬ 
tion,  the  shape  of  the  warhead,  etc.);  on  the  average,  this  velocity 
amounts  to  1000-2000  m/sec  and  is  selected  as  a  function  of  the 
specific  conditions  of  missile  application.  It  is  possible,  for 
example,  to  estimate  the  maximum  velocity  of  the  fragment  at  the 
point  of  explosion  on  the  basis  of  the  following  formula: 


®o 


£yJi/ 

4  r  15  /**  • 


(3.21) 


1d  cli 

where  D  is  the  rate  of  explosive  detonation,  in  m/sec;  (Pq  —  P^^) 
is  the  weight  of  the  missile  shell,  in  kg;  P^^  is  the  weight  of  the 
explosives,  in  kg,  or  on  the  ba.«tls  of  other  calculation  relation¬ 
ships  by  means  of  which  we  can  take  into  consideration  the  structural 
features  of  each  warhead  version  through  the  use  of  a  system  of 
correction  factors. 


Effectiveness  of  Fragmentation  Missile  at  the  Target 

Proximity  tubes  (fuses)  of  various  designs,  which  initiate  the 
warhead  at  some  determined  point  along  the  trajectory,  are  the  most 
expedient  for  fragmentation  missiles,  depending  on  the  designation 
and  the  features  of  tactical  application.  Only  with  the  use  of  such 
initiation  devices  at  the  target  will  it  be  possible  to  achieve  the 
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effect  of  the  maximum  quantity  of  fragments  formed  at  the  instant  of 
explosion,  and  only  in  this  way  will  the  greatest  effectiveness  of 
the  warhead  be  obtained. 

In  addition  to  proximity  fuses,  fragmentation  missiles  fre¬ 
quently  employ  conventional  impact  fuses  of  instantaneous  action. 

The  utilization  of  such  fuses  reduces  somewhat  the  effect  of  the 
fragmentation  action,  since  some  of  the  fragments  penetrate,  for 
example,  into  the  surface  of  the  earth  on  explosion.  However,  because 
of  the  simplicity  of  design  in  the  case  of  conventional  fuses  and 
the  difficulties  encountered  in  the  initiation  of  proximity  fuses, 
in  a  number  of  countries  impact  fuses  are  still  employed  in  the 
design  of  fragmentation  missiles. 

In  recent  times  we  have  noted  a  tendency  abroad  to  use  such 
noncontact  devices  as  radar  fuses  which  are  connected  to  the  control 
equipment  or  the  self-guidance  apparatus  of  the  missile;  fuses  of 
this  type  make  it  possible  to  initiate  the  missile  at  the  most 
favorable  missile  position  with  respect  to  the  target. 

The  quantitative  measure  of  the  effectiveness  of  a  fragmenta¬ 
tion  missile  is  the  so-called  radius  of  continuous  target  damage 
and  the  magnitude  of  this  radius  is  determined  experimentally  in 
each  case  by  experimental  explosions  of  warheads  around  targets. 

The  assumption  is  that  within  the  limits  of  the  circle  having  the 
radius  of  continuous  damage  the  probability  of  damaging  the  target 
must  be  lOOJ^.  In  addition  to  this  circle,  the  areas  in  which  the 
probability  of  target  damage  amounts  to  75>  50^,  etc.,  are  also  ex¬ 
amined,  characterizing  these  areas  with  radii  that  correspond  to 
the  probability  of  damage.  The  radial  values  of  the  determined 
probability  of  target  damage  (destruction)  serve  as  a  detailed 
characteristic  of  the  combat  effectiveness  of  a  fragmentation  missile. 
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§  3.  HOLLOW- CHARGE  WARHEAD 


The  Effect  of  a  Hollow  Charge  and  Its  Application  In  the  Case  of 
Arruor-Plerclng  Missiles 

Among  the  field  rocket  missiles  used  for  short-range  purposes, 
the  so-called  hollow-charge  react ion- thrust  shells  have  become 
quite  popular.  The  hollow-charge  shells  are  an  effective  means  of 
destroying  armor-plated  vehicles  and  tanks;  in  this  case,  an  impor¬ 
tant  advantage  of  missiles  of  this  type  is  the  fact  that  they  ex¬ 
hibit  not  only  high  armor-piercing  characteristics,  but  that  the 


smallest  combat  units  of  an  army,  down  to  an  individual  infantryman, 
can  be  equipped  with  corresponding  reaction-thrust  systems. 


a)  b) 


Pig.  3.i4.  The  effect  of  an  ex¬ 
plosion  of  a  charge  on  an  armor 
plate  of  conventional  shape, 
a)  Prior  to  the  explosion;  b) 
after  the  explosion;  Dp  and 

Hp)  the  diameter  and  height  of 

the  detonating  charge;  A)  the 
depth  of  the  Indentation  (crater) 


a)  '  b) 


Pig.  3 •15*  The  effect  of  an  ex¬ 
plosion  of  a  hollow  charge  on  an 
armor  plate,  a)  Prior  to  the 
explosion;  b)  after  the  explo¬ 
sion;  D^  and  H  )  the  diameter 
P  P 

and  height  of  the  detonating 
charge;  Dp  and  h^)  the  diameter 

.  and  depth  of  the  funnel. 


The  effect  of  the  hollow-charge  shell  at  a  target  is  based  on 
the  utilization  of  the  so-called  "cumulative"  effect  of  an  explo¬ 
sion,  and  this  effect  consists  in  the  following. 

If  a  conventional  detonating  charge  is  exploded  at  the  surface 
of  an  armor  plate,  a  shell-like  (concholdal)  indentation  is  produced 
in  the  plate  (Pig.  3.14) .  The  depth  of  this  indentation  is  a  fvinc- 
tlon  of  the  quantity  of  charge  and  the  brisance  properties  of  the 
explosive;  as  a  rule,  the  brisance  is  generally  not  too  great.  The 
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depth  of  the  Indentation  can  be  increased  substantially  if  the 
same  detonation  charge  is  exploded,  but  if  a  funnel  of  specified 
shape  is  drilled  into  the  charge. 

Finally,  we  can  select  the  shape  and  dimensions  of  the  funnel 
so  as  to  penetrate  the  entire  plate  (Fig.  3.15)  with  the  original 
quantity  of  explosive  material. 

In  the  latter  case,  as  a  result  of  the  particular  properties 
of  the  funnel  in  the  grain,  the  energy  of  the  explosion  is  redis¬ 
tributed  so  that  the  greater  part  of  the  energy  is  concentrated 
in  the  so-called  "cumulative"  stream  and  will  be  directed  along  the 
axis  of  the  funnel  to  the  surface  of  the  obstacle.  It  is  precisely 
in  this  that  we  find  the  "cumulative"  effect  of  the  explosion. 

A  study  of  the  "cumulative"  effect  has  shown  that  the  basic 
factors  which  affect  the  effectiveness  of  armor  piercing  are  the 
following; 

—  the  dimensions  and  shape  of  the  hollow- charge  funnel, 

—  the  material  used  for  the  facing  of  the  inside  of  the  hollow- 
charge  funnel, 

—  the  distance  from  the  outer  edge  of  the  funnel  to  the  obstacle 
at  the  instant  of  explosion,  and  certain  other  factors. 

The  optimum  shapes  of  the  hollow  charge,  as  a  rule,  are  quite 
complex  from  the  standpoint  of  fabrication;  therefore,  it  is  but 
rarely  that  hollow- charge  shells  are  used  in  actual  models;  the 
most  popular  practical  funnel  shapes  are  cones  and  spheres. 

Experiments  have  demonstrated  that,  all  other  conditions  being 
equal,  the  armor- piercing  effect  Increases  noticeably  if  the  inner 
surface  of  the  funnel  is  coated  with  a  thin  layer  of  some  facing 
material;  in  this  case,  the  Increase  in  charge  effectiveness  is  a 
function  of  the  material  selected  for  the  facing  and  the  thickness 
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Pig.  3.16.  The  nature  of  the  relationship 
between  the  "cumulative"  effect  and  dis¬ 
tance  at  the  instant  of  explosion  between 
the  outer  edge  of  the  funnel  and  the  ob¬ 
stacle.  H',  and  H")  the  depths  of 

the  indentations;  Dp  and  Hp)  the  diameter 

and  height  of  the  detonating  charge;  h, 
h',  and  the  distances  between  tHe 

outer  edge  of  the  funnel  and  the  obstacle. 

of  the  coating  layer.  Of  all  the  tested  facing  materials,  copper  and 
zinc  alloys  proved  to  be  the  best;  other  metals  (iron,  aluminum) 
have  less  of  an  effect  on  the  effectiveness  of  the  "cumulative" 
explosion. 

An  Investigation  of  the  armor-piercing  capability  as  a  function 
of  the  distance  (at  the  Instant  of  explosion)  between  the  outer  edge 
of  the  funnel  and  the  obstacle  has  shown  that  in  each  case  there  is 
some  optimum  distance  which  will  produce  the  maximum  effect,  on 
initiation,  at  the  target  (Pig.  3.l6).  This  distance  is  generally 
referred  to  as  the  focal  distance  and  it  is  regarded  as  a  basic 
parameter  of  the  funnel. 

Tentative  Determination  of  the  Dimensions  of  the  Hollow  Charge  Which 
Will  Ensure  the  Penetration  of  an  Obstacle  of  Given  Thickness 

The  "cumulative"  effect  in  armament  is  used  by  imparting  to  the 
grain  a  certain  configuration  which  Includes  the  "cumulative"  funnel 
as  one  of  its  elements.  In  all  other  respects,  the  hollow- charge 
warhead  shows  no  differences  from  missiles  of  other  classes. 
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The  design  of  hollow  grains  Is  based  on  the  conclusions  drawn 
from  the  theory  of  the  armor-plerclng  effect  of  the  "cumulative*' 
stream,  said  conclusions  first  derived  by  the  Academician  L.M. 
Lavrent'yev.  He  established,  for  example,  that  It  Is  not  the  entire 
"cumulative"  stream,  but  only  some  part  of  it,  that  exhibits  armor¬ 
piercing  capacity;  that  part  of  the  "cumulative"  stream  is  referred 
to  as  the  effective  length  of  the  stream.  The  quantity  Is 
primarily  a  function  of  the  dimensions  and  shape  of  the  funnel  and, 
moreover,  of  the  material  used  to  face  the  funnel  and  the  parameters 
of  the  grain.  The  depth  of  armor  piercing  Is  essentially  a  function 
of  the  parameter  of  the  "cumulative"  stream. 

In  designing  a  hollow-charge  warhead  it  becomes  necessary  to 
seek  the  optimum  funnel  with  respect  to  the  depth  of  complete  ob¬ 
stacle  penetration  as  stipulated  In  the  tactical-technical  require¬ 
ments.  This  problem  is  resolved  on  the  basis  of  extensive  experi¬ 
mentation  and  the  utilization  of  statistical  data  for  the  explosions 
of  various  hollow  grains.  The  following  extremely  tentative  relation¬ 
ships  may  be  useful. 

1.  The  diameter  of  the  hollow- charge  funnel  is,  on  the  average. 


mw 


where  b„_„  Is  the  thickness  of  the  given  obstacle  which  must  be 

IllaX 

penetrated;  is  the  coefficient  that  is  a  function  of  the  funnel 
shape . 

2.  The  diameter  of  the  pierced  hole  generally  does  not  exceed 

</iip-(0,05-i-0.3)D«. 

3.  For  each  type  of  funnel  there  exists  a  certain  optimum 
height  h^  of  funnel  cupola  that  Is  equal  to  0.5  for  semispheri- 
cal  holes  (1.0-1. 5)  and  for  conic  holes. 
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Pig.  3*17*  An  exanple  of  a  design  of  a  hollow- 
charge  shell . 

4.  A  layer  of  explosive,  whose  height  does  not  exceed  0.5- 
0.8  (above  the  apex  of  the  funnel)  participates  In  the  shaping 
of  the  "cumulative"  stream.  In  this  case,  any  further  increase  in 
the  height  of  the  column,  and  consequently,  in  the  weight  of  the 
explosive  charge,  without  a  corresponding  change  in  the  dimensions 
of  the  funnel,  produces  no  Increased  effectiveness  for  the  hollow 
grain  and  is  therefore  inexpedient . 

Figure  3.17  shows  an  example  of  one  of  the  designs  of  German 
hollow-charge  shells  used  during  the  Great  Fatherland  War.  We  can 
see  from  the  figure  that  the  rocket  part  of  the  shell  is  basically 
like  the  rocket  parts  used  in  conventional  finned  field  rocket 
missiles.  However,  the  warhead  is  unique.  It  consists  of  a  body  of 
definite  shape,  stanped  from  sheet  metal,  and  filled  with  explosive 
in  addition  to  certain  additional  design  elements  which  provide  for 
the  normal  functioning  of  the  shell  —  primarily  an  explosive  train 
(chain)  and  the  hollow  of  the  charge.  The  sensing  element  of  the 
fuse  is  extended  beyond  the  outer  edge  of  the  grain  to  a  special 
ballistic  cowling  so  that  the  explosion,  on  contact  with  an  obstacle, 
takes  place  at  distances  close  to  the  optimum.  It  should  be  borne 
in  mind  that  since  the  velocity  of  the  hollow-charge  shells  in  flight 
is,  as  a  inile,  not  great  (80-100  irv'sec),  the  shape  of  the  warhead 
has  virtually  no  effect  on  the  ballistic  characteristics  of  the  mis- 
slle;  this  makes  it  possible  to  neglect  the  requirements  of  aero¬ 
dynamics  in  the  design  of  the  warhead  and  to  base  the  design  exclusively 
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on  the  concepts  that  are  associated  with  the  required  operating  con¬ 
ditions  of  the  explosive  chain  and  the  hollow  charge. 

As  has  already  been  pointed  out,  the  rocket  part  of  a  hollow- 
charge  shell  is  designed  in  the  same  manner  as  for  other  rocket  mis¬ 
siles.  We  should  mention  the  one  interesting  feature  of  manual 
hollow-charge  cartridges  having  an  effective  range  of  up  to  100  m. 
This  feature  consists  in  the  fact  that  the  rocket  engine  of  such  a 
cartridge  generally  functions  on  black  powder.  This  is  explained 
by  the  requirement  of  absolute  reliability  for  this  weapon  and  the 
need,  in  this  connection,  to  provide  for  constancy  of  the  physico¬ 
chemical  and  ballistic  parameters  of  the  powder,  which  is  difficult 
to  obtain  when  rocket  solid  propellants  are  used. 
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[List  of  Transliterated  Symbols] 

“  ^st  “  ^stena  ^  ^wall 
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67  ^voronka  ^funnel 

67  ’^forma  ’^shape 

^p  ^  Sr  ^  Srobolna  ^  Sierced  hole 


-  89a  - 


Chapter  4 

ELEMENTS  OP  THE  INTERIOR  BALLISTICS  OP 
A  SOLID-PROPELLANT  ROCKET  ENGINE 

§1.  SOME  INPORMATION  ON  THE  SOLID  PROPELLANTS  (POWDERS)  USED  IN  ROCKET 
ENGINES 

Composition  of  Rocket  Powders 

Smokeless  (colloidal)  powders.  At  the  present  time,  the  so-called 
smokeless  or  colloidal  powders  have  become  most  popular  for  use  as 
solid  propellants  for  rocket  engines.  Colloidal  powders  are  a  solid 
solution  of  a  fuel  (combustible)  based  on  an  oxidizer,  with  special 
additives. 

The  fuel  (combustible)  base  of  the  smokeless  powders  Is  a  nitro¬ 
cellulose  of  the  pyroxylin  type  which  Is  capable  of  being  gelatinized 
In  certain  substamces  which  contain  a  high  percentage  of  active  oxygen, 
thus  producing  a  colloidal  solution.  On  the  cooling  of  such  a  solution, 
a  plastic  powder  mass  Is  obtained,  and  this  mass  lends  Itself  easily 
to  extrusion  Into  grains  that  are  then  used  as  elements  of  the  powder 
charge  (grain)  of  the  engine.  In  Industrial  production,  nitrocellulose 
Is  obtained  as  a  product  In  the  treatment  with  concentrated  nitric 
acid  of  cellulose  contained  In  wood  (50-60$^),  cotton  (90-935^)*  flax, 
straw,  and  certain  other  forms  of  raw  material.  For  the  fabrication  of 
rocket  powders,  the  most  ln5)ortant  nitrogen  contents  of  nitrocellulose 
are  the  following: 

11.5-12.05^  N-  collodion 


13* 0-13. 5^  N—  pyroxylin  No.  1 

12.0-12.55^  N  —  pyroxylin  No.  2. 

Various  materials  may  be  used  as  the  nitrocellulose  solvent.  In 
the  adopted  classification,  these  substances  are  generally  divided 
Into  so-called  volatile  and  nonvolatile  solvents.  In  this  case,  vola¬ 
tile  solvents  are  those  which  are  almost  completely  removed  from  the 
powder  during  the  production  of  the  powder  mass  and  the  fabrication  of 
the  grain.  Compositions  using  a  volatile  solvent  are  designated  accord¬ 
ing  to  the  type  of  nitrocellulose  employed  (for  example,  pyroxylin 
powder,  etc.);  as  a  rule,  these  are  used  comparatively  rarely  In 
rocket  engineering.  Nitroglycerine  exhibits  the  best  properties  among 
the  low- volatility  solvents.  However,  because  of  Its  tendency  to  ex¬ 
plosive  decomposition,  this  material  cannot  be  used  In  large  quanti¬ 
ties  In  a  powder  and  It  becomes  necessary  to  use  auxiliary  solvents  In 
order  to  achieve  the  complete  solution  of  the  nitrocellulose,  thus 
making  the  powder  mass  esploslon-proof .  Dlnltro  dlethylene  glycol,  for 
example.  Is  used  as  an  auxiliary  solvent  on  a  wide  scale.  The  quantity 
of  this  auxiliary  solvent  may  vary  within  a  wide  range  and  It  may  even 
exceed  the  amoimt  of  nitroglycerine  used.  Depending  on  the  percentage 
content  of  solvent,  powders  using  low- volatility  solvents  are  referred 
to  as  nitroglycerine  or  dlglycol,  respectively. 

In  addition  to  the  basic  components,  certain  additives  are  In¬ 
cluded  In  the  composition  of  the  powder  mass,  making  It  possible  to 
obtain  a  propellant  with  the  desired  physicochemical  properties  and 
ballistic  parameters. 

To  obtain  chemical  stability  for  the  powder,  stabilizers  are  In¬ 
cluded  In  Its  composition;  these  are  materials  which  retard  the  rate 
of  the  chemical  decomposition  reactions  that  take  place  within  the  pow¬ 
der  mass  during  the  storage  of  the  grains,  and  the  substances  also  pre- 
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vent  the  aging  of  the  powder.  The  most  widely  used  stabilizers  are  dl- 
phenylamlnes,  ethylphenylurethane,  various  "centralltes, "  and  certain 
other  compounds. 

The  chemical  stability  of  the  powders  Is  of  substantial  signifi¬ 
cance  In  evaluating  the  operational  suitability  of  the  powders.  The 
so-called  litmus-paper  and  "brown-  vapors"  tests  are  used  to  determine 
the  margin  of  chemical  stability;  the  results  of  several  other  labora¬ 
tory  tests  are  also  used  for  this  purpose. 

In  addition  to  chemical  stability,  the  physical  stability  of  the 
grains  Is  also  of  great  significance  In  estimating  the  length  of  time 
that  powder  charges  preserve  their  operational  effectiveness.  Experi¬ 
ence  has  demonstrated  that  physical  stability  is  a  fvinctlon  of  grain 
dimensions,  powder  composition,  and  the  production  techniques  used  In 
the  fabrication  of  the  powder  mass  and  the  grain.  Prom  the  standpoint 
of  physical  stability,  the  basic  defect  of  grains  Is  their  disintegra¬ 
tion  during  storage.  It  Is  assumed  that  grain  disintegration  results 
not  only  from  physical  processes,  but  Is  due  also  to  certain  of  the 
chemical  reactions  that  take  place  within  the  powder  mass  dvirlng  the 
storage  of  the  grains.  It  has  been  established  that  the  Introduction 
of  certain  special  admixtures  Into  the  powder  composition  has  a  favor¬ 
able  effect  of  the  physical  stability  of  the  grains. 

The  properties  of  the  powder  mass,  from  the  standpoint  of  grain 
fabrication  techniques,  are  substantially  Improved  If  vaseline,  wax, 
chalk,  carbon  black,  and  a  certain  other  so-called  Industrial  additives 
are  Included  In  the  powder  composition. 

Finally,  as  a  rule,  the  powder  contains  a  great  quantity  of  spe¬ 
cial  additives  for  each  composition,  and  these  reduce  the  bvirnlng  rate 
of  the  powder  ("phlegmatlzers").  Increase  the  burning  stability,  reduce 
the  temperature  of  powder  burning,  reduce  the  sensitivity  of  the  burn- 


Ing  of  the  powder  to  changes  In  the  initial  ten^eratiire  of  the  charge, 
and  the  parameters  of  the  interior  ballistics  of  the  engine,  etc. 

Thus  smokeless  rocket  powder  is  a  multicomponent  solid  solution 
of  the  colloidal  type,  based  on  nitrocellulose  and  a  solvent.  Powders 
based  on  a  low-volatility  solvent  are  generally  \ised  for  the  fabrica¬ 
tion  of  rocket  propellants. 

The  composition  of  several  colloidal  rocket  powders  is  presented 
in  Table  4.1.  In  American  literature,  smokeless  powders  are  generally 
referred  to  as  bipropellant  solid  rocket  propellants. 

Composite  propellants.  In  connection  with  the  development  of  en¬ 
gines  operating  on  solid  propellants,  intensive  work  is  being  done 
abroad  on  seeking  out  and  mastering  new  combinations  and  types  of  pro¬ 
pellants  which  will  exhibit  greater  ballistic  and  operational  charac¬ 
teristics. 

One  of  the  trends  in  these  new  developments  is  the  design  of  so- 
called  composite  propellant  powders.  Composite  propellants  are  a  fine 
mechanical  mlxtxire  of  the  fuel  (combustible)  and  the  oxidizer,  bonded 
by  means  of  a  plasticizer. 

We  have  the  following  information  on  composite  propellants  from 
foreign  literature. 

The  fuel  components  of  composite  propellants  are  usvially  rubber- 
or  resln-llke  substances,  and  inorganic  salts  in  whose  molecules  there 
is  a  great  percentage  of  active  oxygen  are  used  as  the  oxidizers.  Salts 
of  the  nitrate  or  ammonium  perchlorate  type  are  most  frequently  used  as 
oxidizers  since  these  are  comparatively  inej^jenslve  and  accessible 
while  they  exhibit  high  density  and  satisfactory  energy  characteristics. 
Of  the  fuel  (comb\istlble)  constituents,  asphalt-hydrocarbon  resins, 
phenolfurf viral,  and  formaldehyde  rubber,  as  well  as  similar  substances, 
are  widely  used. 
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There  are  also  composite  propellants  which  exceed  the  smokeless 
powders  In  terms  of  energy;  however,  their  main  advantage  lies  In  the 
simplicity  of  grain  fabrication  and  the  convenience  of  operating  en¬ 
gines  using  such  propellants. 

The  most  Important  feature  of  composite  propellants  Is  the  fact 
that  grains  made  of  these  powders  can  be  obtained  by  casting,  and  here 
the  powder  can  be  poiired  directly  Into  the  engine  chamber.  As  a  result 
It  becomes  possible  to  fabricate  solld-propellant  grains  of  virtually 
any  dimensions,  whereas  in  the  case  of  extruded  grains  made  of  smoke¬ 
less  powder,  substantial  production  difficulties  arise  once  diameters 
of  500  to  550  mm  are  attained  and  special  extrusion  equipment  becomes 
necessary. 

Composite  propellants,  as  a  rule,  exhibit  greater  plastic  proper¬ 
ties,  l.e.,  they  do  not  disintegrate  with  fluctuations  In  temperature, 
and  this  distinguishes  them  from  the  smokeless  powders  which,  as  a 
rule,  shatter  during  storage  vinder  conditions  of  variable  temperat\ire . 

With  the  pouring  of  the  composite  propellant  directly  Into  the 
chamber,  as  the  charge  cools  a  strong  bond  Is  formed  between  the  walls 
of  the  combustion  chamber  and  the  charge  thus  making  It  unnecessary  to 
employ  any  special  devices  to  receive  the  load  acting  on  the  charge 
during  flight.  Moreover,  with  an  engine  In  which  the  combustion  takes 
place  along  the  surface  of  the  inner  channel  It  becomes  \innecessary. 

In  this  case,  to  employ  a  restriction  coating  on  the  grains  and  the 
heating  of  the  chamber  walls  Is  prevented  throughout  the  greater  part 
of  the  combustion,  thus  eliminating  the  need  to  apply  a  coating  of  a 
special  thermal -Insulation  material  to  the  wall  or  to  use  cooling  sys¬ 
tems.  All  of  this  makes  it  possible  to  use  the  maximum  volvime  of  the 
combustion  chamber  of  the  engine  for  propellant  and  to  obtain  an  en¬ 
gine  with  Increased  weight  characteristics. 

-  94  - 


% 


I 


TABLE  4.1 

Chemical  Composition  of  Several  Smokeless  Colloidal  Solid  Rocket  Pro¬ 
pellants 
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l|  Component;  2)  brand  of  powder;  3)  Germany;  4)  Great  Britain;  5)  USA; 
6)  slow  burning;  7)  nitrocellulose;  8)  dlnltro  dlethylene  glycol;  9) 
dlnltro  triethylene  glycol;  10)  nitroglycerine;  11)  dlnltrotoluene ; 

12)  trinitrotoluene;  13)  centrallte;  l4)  dlethylphthalate;  15)  dlphen- 
yleunlne;  16)  dlpheny lure thane;  17)  ethylpheny lure thane;  l8)  hydrocellu¬ 
lose;  19)  acardlte;  20)  stablllte;  21)  TEN;  22)  nltroslne;  23;  a-nltro- 
naphthalene;  24)  dime thy Iphthalate;  25)  carbon  black;  26)  wax. 


The  ratio  between  the  fuel  (combustible)  and  oxidizer  In  the  com¬ 
posite  solid  propellant  may  vary  within  a  rather  wide  range.  This 
makes  It  possible  to  obtain  the  desired  magnitude  of  oxygen  balance  In 
the  propellant  mixture,  whereas  In  the  case  of  smokeless  powders  the 
ratio  between  fuel  and  oxidizer  Is  determined  by  the  chemical  composi¬ 
tion  of  the  con^onents  and  the  quantitative  relationships  governing 
the  formation  of  colloidal  solutions;  In  this  case,  this  Is  a  fully 
determined  quantity  which,  as  a  rule.  Is  less  than  vinlty.  Finally,  the 
catalog  of  Initial  products  used  for  composite  solid  propellants  Is 
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almost  unlimited,  whereas  for  the  fabrication  of  smokeless  powder  only 
certain  nitrocellulose  products  and  a  restricted  number  of  solvents 
can  be  used. 

Among  the  basic  shortcomings  of  composite  solid  propellants  we 
should  Include  the  strong  relationship  between  the  parameters  of  the 
solid-propellant  combustion  and  the  dimensions  of  the  particles  that 
go  to  make  up  the  powder,  hygroscoplclty,  and  danger  of  explosion. 

The  combustion  parameters  as  a  fvinction  of  particle  dimensions 
(of  the  components)  and  particularly  of  the  particle  dimensions  of  the 
oxidizer  determine  the  Increased  Instability  of  combustion  for  com¬ 
posite  solid  propellants. 

In  terms  of  a  margin  of  Internal  energy,  congjosite  solid  propel- 
lajits  exceed  smokeless  powders  and.  In  certain  cases,  even  some  regu¬ 
lar  explosives;  In  view  of  this,  they  represent  a  danger  of  explosion. 
The  normal  ccmibustlon  of  these  powders  may  result  in  detonation.  Com¬ 
posite  solid  propellants  may  also  be  detonated  by  reaction  to  various 
external  impact.  Special  e35)erlments,  carrlea  out  by  the  Thlokol  Chem¬ 
ical  Coiporatlon  (USA),  have  demonstrated  that  the  sensitivity  of  com¬ 
posite  solid  propellants  to  external  Impact  Is  a  function  primarily  of 
the  volumetric  relationship  between  the  fuel  (combustible)  and  the  ox¬ 
idizer.  The  lower  the  volvimetrlc  ratio  (given  one  and  the  same  weight 
ratio),  the  more  sensitive  the  powders. 

For  the  most  widely  xised  ammonlvan  perchlorate-based  compositions, 
the  maximum  volumetric  ratio  of  oxidizer  to  fuel  (combustible)  amounts 
to  2.85:1.0  (Pig.  4.1).* 

Intensive  work  on  seeking  new  rocket  propellants  and.  In  particu¬ 
lar,  on  the  testing  of  composite  solid  propellants  Is  being  carried 
on  In  America.  For  exaiq)le,  one  USA  firm  developed  an  effective  pro¬ 
pellant  which  uses  an  Inejipenslve  ammonium  nitrate  and  a  special  com- 


Pig.  4.1.  Sensitivity  of  com¬ 
posite  rocket  solid  propellants 
based  on  ammonium  perchlorate 
to  external  Impact  as  a  func¬ 
tion  of  the  ratio  of  the  volu¬ 
metric  content  of  fuel  (com¬ 
bustible)  and  oxidizer  in  the 
propellant.  0,  k,  t)  The  points 
which  correspond  to  various 
propellants  tested  for  sensi¬ 
tivity  to  external  Impact;  1) 
region  of  compositions  safe  in 
handling  and  storage;  2)  volu¬ 
metric  ratio  of  oxidizer  to 
fuel  (combustible);  3)  region 
of  detonating  compositions. 


bustible  base.  The  fuel  (combustible)  base  consists  of  a  special  ma¬ 
terial  which  polymerizes  well  with  butadiene  and  yields  a  material  ex¬ 
hibiting  satisfactory  bonding  properties.  Carbon  black  (2J^)  and  a  plas 
ticlzer  (2$^)  are  introduced  into  the  composition  in  the  form  of  admlx- 
tvires. 

The  composite  solid  propellant  produced  by  the  Thlokol  Chemical 
Corporation  consists  primarily  of  a  polymer,  an  inorganic  salt  as  the 
oxidizer,  and  a  small  quantity  of  certain  chemical  additives.  It  is  as 
svuned  that  polymers  of  butadiene  and  primarily  polysulfide  elastic  ma¬ 
terials  are  used  as  bonders  in  the  solid  propellants  produced  by  this 
film. 


The  Aerojet-Qeneral  Firm  developed  a  solid  propellant,  in  1957* 


which  uses  polyurethanes  as  binders.  On  the  basis  of  statements  made 
by  representatives  of  this  company,  the  specific  Impulse  of  this  pro¬ 
pellant  Is  asstuned  to  be  240  kg'sec/kg.  However,  experience  In  working 
with  polyvirethane  solid  propellants  has  demonstrated  that  these  ex¬ 
hibit  a  series  of  substantial  shortcomings  (Instability  In  the  rate  of 
the  oxidation  reaction  dtirlng  combustion,  rapid  solidification  with 
significant  shrinkage,  etc.),  and  they  can  therefore  be  recommended 
for  use  in  engines  only  after  appropriate  finishing  operations.  Poly¬ 
urethane  solid  propellants  have  not  found  any  widespread  application 
to  this  time.  The  firm  has  obtained  patents  on  a  series  of  solid  com¬ 
posite  propellants.  One  of  these  consists  in  the  following: 


trinltrocyclohexylamine . 

plasticizer  (vax) .  15^ 

and  In  the  other  we  use 

ammonium  perchlorate .  50^ 

trinitrotoluene  (TNT) .  25J^ 


thermoplastic  binder  (for  example,  asphalt)...  25^ 

The  Aerojet-Oeneral  Company  and  certain  others  (Hercules,  Rohm 
and  Haas)  are  working  on  solid  monopropellants  like  nltropolymers  and 
nitrated  plastics.  The  Rohm  and  Haas  Company  recently  announced  the 
successful  test  of  a  new  solid  propellant  of  this  type  —  "netrinac- 
rylate”  —  for  which  we  do  not  as  yet  have  any  data.  It  Is  ass\imed  that 
the  specific  Impulse  of  this  propellant  may  be  approximately  300 
kg*  sec/kg. 

The  British  firm  Imperial  Chemical  Industries  developed  an  exper¬ 
imental  solid  propellant  which  Is  composed  of: 


ammonlvun  nitrate .  55-75^ 

calcium  formate .  45-25}^ 

calcium  stearate . . .  0.  5^ 


The  solid  propellant  produced  by  the  Grand  Central  Rocket  Company 
consists  of  ammonium  perchlorate^  a  polysulfide,  and  additives,  pro¬ 
ducing  a  specific  Impulse  of  up  to  250  kg* sec/kg. 

The  work  being  done  on  the  development  of  composite  solid  propel¬ 
lants  have  been  begun  relatively  recently,  but  the  first  specimens  of 
such  propellants  have  already  been  tested  successfully  In  rocket  en¬ 
gines  of  various  designations.  Examples  of  the  compositions  of  such 
composite  solid  propellants  are  presented  In  Table  4.2. 


TABLE  4.2 

Chemical  Composition  of  Some  Composite  Solid 
Rocket  Propellants 
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I)  Component j  2)  brand;  3)  Great  Britain;  4) 

USA;  5;  perchlorate  powder;  6)  the  propellant 
produced  by  the  Thlokol  Chemical  Company;  7) 

a  composition  using  GALCIT  base;  6)  a  composi¬ 
tion  with  a  reduced  combustion  temperature;  9) 
potasslxmi  perchlorate;  10)  ammonlxim  perchlorate; 

II)  ammonliim  plcrate:  12)  sodium  plcrate;  13) 
ammonium  nitrate;  14)  asphalt-petroleum  prod¬ 
uct;  15)  resin  binder;  16)  special  additives. 


It  Is  Interesting  to  point  out  that  composite  rocket  solid  pro¬ 
pellants  were  developed  by  the  Germans  as  early  as  during  the  Second 
World  Mar,  However,  the  development  of  these  propellants  during  that 
period  was  necessitated  by  the  serious  shortage  of  raw  materials  for 
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colloidal  powers  rather  than  the  effort  to  obtain  a  powder  (solid  pro¬ 
pellant)  with  Increased  characteristics.  As  an  example  of  a  composite 
solid  propellant,  developed  In  Germany  toward  the  end  of  the  Second 
World  War,  we  can  cite  the  Z-36  composition  (in  ^)i 


tetranltrocarbonal .  52.0 

KNOg .  4l.O 

sawdust .  3.0 

polyvinyl  acetate .  2.0 

carbon  black .  2.0 


The  heating  value  of  the  Z-36  powder  amo\anted  only  to  650  kcal/kg, 
l.e..  It  was  substantially  lower  than  the  regular  colloidal  powders. 

Basic  trends  In  the  development  of  promlslrog  futiu’e  solid  propel¬ 
lants.*  Of  other  trends  In  promising  Investigations  which  are  receiv¬ 
ing  particular  attention  abroad  at  the  present  time  we  should  make  men¬ 
tion  of  the  work  being  done  on  propellants  exhibiting  Increased  heat¬ 
ing  values,  a  low  burning  rate,  a  reduced  sensitivity  of  the  rate  to 
changes  In  the  Initial  temperature  of  the  charge  and  to  pressure  fluc¬ 
tuations  within  the  engine,  as  well  as  on  powders  which  have  an  ex¬ 
panded  range  of  stable  combustion  and  a  low  combustion  temperature. 

Work  along  these  lines  Is  being  done  both  In  order  to  develop  new  pow¬ 
ders  as  well  as  to  modify  the  propellants  and  powders  that  have  al¬ 
ready  been  adopted  for  armament  purposes.  Apparently,  these  develop¬ 
ments  axe  far  from  having  been  perfected,  since  no  reports  have  ap¬ 
peared  In  the  literature,  which  would  permit  us  to  draw  any  final  con¬ 
clusions  nor  to  make  any  recommendations  as  to  any  operating  composi¬ 
tions. 

One  of  the  trends  In  promising  developments  Is  the  Increase  of 
the  power  characteristics  of  the  propellants.  With  this  purpose  In 
mind,  attempts  have  been  made  to  use  llthlimi,  fluoride,  boron-contaln- 
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Ing  substances,  and  several  others,  as  components  for  solid  rocket 
propellants. 

At  the  present  time,  much  experimentation  Is  being  done  on  compo¬ 
sitions  which  use  nitrate  and  llthlvun  perchlorate.  Llthliom  perchlorate 
has  an  extremely  high  oxygen  potential  and  may  be  used  for  the  produc¬ 
tion  of  propellants  exhibiting  an  extremely  high  specific  Impulse.  In 
America,  the  American  Potash  Company,  and  others,  are  working  on  the 
development  of  llthlvun  propellants. 

Particular  attention  Is  being  devoted  to  the  propellants  contain¬ 
ing  boron.*  Boron  has  a  high  heating  value  (l4,400  kcal/kg)  and  Is 
capable.  In  combination  with  hydrogen,  to  form  substances  —  boron  hy¬ 
drides  —  which  have  even  greater  heating  values.  A  general  shortcoming 
of  the  boron  hydrides.  In  their  application  as  fuels  (combustibles) 
for  rocket  engines.  Is  their  toxicity,  thermal  Instability,  and  sev¬ 
eral  other  properties  which  make  It  difficult  to  operate  engines  on 
propellants  containing  boron.  Investigations  which  sought  to  Improve 
the  physicochemical  properties  of  the  boron  hydrides  resulted  In  the 
development  of  borohydrocarbons  which  exhibit  satisfactory  stability 
and  toxicity  parameters,  but  a  somewhat  reduced  heating  value.  It  Is 
assumed  that  the  solid  propellant  advertised  by  the  Olln  Mathleson 
Chemical  Corporation  Is  eui  alkylated  pentaborane  or  decaborane. 

Pluorlne-contalnlng  solid  propellants  are  quite  effective,  since 
fluorine  Is  one  of  the  most  powerful  of  the  known  oxidizers;  however, 
these  propellants  are  extremely  toxic  and  have  not  found  any  practical 
application  to  the  present  time. 

Basic  Rocket  Solid  Propellant  Characteristics 

In  accordance  with  the  requirements  Imposed  on  rocket  solid  pro¬ 
pellants,  the  most  In^ortant  propellant  characteristics  are  the  follow 
Ing: 
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specific  Impulse .  lcg«sec/lcg 

heating  value .  ^/(zh) 

referred  force .  fp  kg-m/lcg 

specific  weight .  y  g/cm^ 

combustion  temperature .  Tp  °K 

heat  capacities  of  products  of  combustion, 

per  linlt  mass .  ^ 

Index  of  combustion  process .  k  =  Cp/C^ 

gas  constant  of  products  of  combustion. . .  R  kg-m/kg°K 

2 

boundary  of  anomalous  combustion .  ^mln 


The  parameter  which  characterizes  the  effectiveness  of  the  rocket 
engine  from  the  standpoint  of  an  Increment  In  the  momentum  of  the 
rocket  as  a  result  of  the  combustion  of  1  kg  of  propellant  Is  referred 
to  as  specific  Impulse.  For  contemporary  propellants,  the  magnitude  of 
specific  Impulse  Is  equal,  on  the  average,  to 

«  200  kg* sec/kg. 

Strictly  speaking,  Is  a  characteristic  not  only  of  the  pro¬ 
pellant  but  of  the  entire  rocket  engine;  It  Is  therefore  more  proper 
to  speak  of  the  specific  Impulse  of  the  engine.  However,  to  make  the 
comparative  evalxiatlon  of  various  propellants  more  convenient  It  Is 
the  practice  to  employ  this  characteristic,  determining  Its  magnitude 
by  burning  the  propellant  charge  In  some  standard  test  engine. 

Much  work  Is  being  done  on  Increasing  the  specific  Impulse  of 
propellants  and  engines.  Data  Is  available  on  the  successful  testing 
of  engines  having  a  specific  Impulse  of  up  to  250-280  kg*sec/kB** 

The  heating  valxie  of  the  propellant  determines  the  reserve  of 
thexmial  energy  that  Is  liberated  In  the  engine  on  the  combustion  of 
the  charge,  and  for  vsu’lous  compositions  averages  800  to  1250  kcal/kg. 
It  should  be  borne  In  mind  that  because  of  the  negative  oxygen  balance 
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In  the  solid-propellant  compositions,  i.e.,  because  of  a  shortage  of 
oxygen  In  conventional  smokeless  powders,  as  these  are  bvirned  in  a 
rocket  engine  only  a  part  of  the  total  reserve  of  Internal  heat  energy 
is  liberated  (20-40J^),  whereas  the  remaining  energy  Is  liberated  In 
the  final  oxidation  of  the  products  of  combustion  In  the  flame  of  the 
gas  stream  beyond  the  nozzle.  The  total  heating  value  of  smokeless 
powders  Is  3000-4000  kcal/kg.  We  can  use  the  lost  heating- value  per¬ 
centage  by  developing  various  engine  combinations  with  complete  com¬ 
bustion  or  by  shifting  the  oxygen  balance  of  the  composition.  The  heat¬ 
ing  value  of  the  powder  Is  generally  determined  by  carrying  out  experi¬ 
mental  combustion  tests.  The  magnitude  of  the  heating  value  Is  equal 
to  the  quantity  of  heat  liberated  per  1  kg  of  powder  burning  In  a 
closed  volume,  given  the  condition  that  the  products  of  combustion  are 
cooled  by  water  to  a  temperature  of  +l8°C.  In  first  approximation,  the 
magnitude  of  the  heating  value  may  be  estimated  by  calculation,  using 
the  so-called  coefficients  that  have  been  determined  experimentally. 
The  change  In  the  heating  value  of  the  powder  Is  referred  to  as  the 
coefficient  for  the  powder  component;  this  change  Is  brought  about 
by  the  introduction  of  of  this  component.  It  is  conventionally  main¬ 
tained  that  p  =  const,  l.e.,  the  given  quantity  of  any  component,  with 
some  arbitrary  powder  composition,  liberates  a  constant  quantity  of 
heat.  This  makes  It  possible  to  calculate  the  heating  value  In  accord¬ 
ance  with  the  following  formula: 

(4.1) 

where  p^^  is  the  coefficient.  In  kcalAg$^;  p^^  Is  the  content  of  the  1th 
component  In  the  powder.  In  s  Is  the  number  of  components  In  the 

kr 

powder  composition. 

The  specific  weight  of  the  propellants  for  those  con^osltlons 
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that  are  already  in  production  Is  found  within  the  following  range: 

7  =  1.4-1. 8  g/cm^.  In  order  to  obtain  high  engine  characteristics.  It 
Is  desirable  to  obtain  a  propellant  with  higher  specific  weight,  since 
In  this  case  It  will  be  possible  to  concentrate  a  greater  reserve  of 
energy  per  unit  volume  of  combustion  chamber,  or  with  a  given  magni¬ 
tude  of  required  energy  reserve  it  will  be  possible  to  obtain  smaller 
engine  dimensions  and  weight. 

With  the  combustion  of  a  powder  charge  In  the  combustion  chamber 
of  an  engine,  temperatures  of  2000-2500°C  are  developed.  At  such  tem- 
peratvires,  almost  all  of  the  structural  materials  melt,  and  special 
heat-resistant  compositions  and  alloys  begin  to  lose  their  strength 
properties.  However,  because  conventional  solid-propellant  rocket  en¬ 
gines  generally  operate  for  only  short  periods  of  time,  no  dangerous 
overheating  of  the  structure  Is,  as  a  rule,  observed;  special  cooling 
measures  must  therefore  be  Implemented  only  In  the  region  of  the  crit¬ 
ical  section  of  the  nozzle.  Nevertheless,  It  Is  recommended  that  pro¬ 
pellants  with  lower  combustion  temperatures  be  selected.  The  high  com¬ 
bustion  temperature  becomes  a  problem  In  the  design  of  engines  In 
which  combustion  lasts  for  30  to  50  seconds  or  more.  Such  engines  can 
fimctlon  nonnally  only  If  extensive  use  Is  made  of  special  heat-lnsula- 
tlon  coatings  or  If  forced-cooling  systems  are  developed. 

If  we  contend  that  the  combustion  process  In  a  solid-propellant 
engine  Is  Isobarlc,  we  will  have 

Q.<«)»=C,r^.  (4.2) 

l.e.,  the  propellants  with  a  high  heat  capacity  C  for  the  products  of 

kr 

combustion  (kcal/kg^C)  will  be  characterized  by  low  combustion  tempera¬ 
ture.  On  the  other  hand.  If  we  use  the  well-known  thexmiodynamlc  rela¬ 
tionship 


(4.3) 


where  k  Is  the  Index  of  the  process;  R  Is  the  gas  constant  of  the 
products  of  combustion;  A  Is  the  thermal  equivalent  of  work,  and  If  we 
express  R  In  terms  of  the  vinlversal  gas  constant 

R  =  848/m,2  kg-m/kg°K,  (4.4) 

we  will  obtain 


l.e.,  the  products  of  combustion  exhibiting  low  molecular  weight  will 
have  greater  specific  heat  capacity.  Thus,  all  other  conditions  being 
equal.  It  would  be  desirable  to  use  propellants  whose  products  of  com¬ 
bustion  have  low  molecular  weight  and  a  high  gas  constant.  The  molec¬ 
ular  weight  of  the  gas  mixture  of  the  products  of  combustion  Is  deter¬ 
mined  by  the  composition  of  the  mlxt\are  and  Is  calculated  In  accord¬ 
ance  with  the  following  formula: 

(4.5) 

where  Is  the  molecular  weight  of  each  of  the  products  of  gas  com¬ 
bustion  entering  Into  the  composition;  r^^  Is  the  volumetric  fraction 
of  this  gas  In  the  mixture;  Is  the  so-called  apparent  moleculeu? 
weight  of  the  mlxtiire. 

The  quantity  that  Is  conventionally  referred  to  as  the  force  of 
the  powder  Is  an  extremely  important  characteristic  for  rocket  propel¬ 
lants  : 

fp  =  RTp  kS-niAs.  (4.6) 

The  force  of  the  powder  Is  a  con9>lex  characterization  of  the  com¬ 
position  of  the  products  of  comb\istlon  wd  their  ten^eratxire,  and  de- 
termlnes  the  specific  operating  capacity  of  the  powder.  In  addition  to 
the  heating  value,  the  force  of  the  powder  Is  a  basic  power  character- 
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TABLE  4.3 

Some  Ballistic  Characteristics  of  Rocket  Pro¬ 
pellants 


Mapxa 

1 

20M 

KKOAlKt 

3^ 

tlCM^ 

•K 

Cp' 

k 

4 

KZM\tCZ 

5y.» 

HzeeKlxt 

5^ 

^■ia 

Z-167 

830 

1,58 

2250 

0.376 

1.23 

84000 

7  R*61  (PepMaHHa) 

890 

1.60 

2390 

0,382 

1.24 

87400 

— 

17-H 

790 

1.62 

2160 

0.360 

1.21 

82000 

105-5 

890 

1,59 

2390 

— 

86900 

— 

JP 

1230 

1.60 

3160 

0.437 

1.22 

103400 

230 

JPN 

1230 

1,61 

3160 

0.424 

1.2] 

103400 

230 

— 

M-7 

1250 

3210 

— 

— 

104000 

220 

MPN 

880 

— 

2310 

0.398 

86800 

— 

—  ' 

3  R.61  (ClUA) 

— 

1,62 

— 

— 

1,23 

— 

240 

20.0  i 

JRN 

895 

— 

2390 

0.381 

87400 

195 

1 

SC 

955 

— 

2535 

— 

1,22 

90700 

190 

_  1 

1 

HSC 

1170  j 

1.64 

dm 

— 

1,22 

100600 

200 

.—  i 

9  SKcnepNiieuTaJik- 

Hull  tHrJIHiCKMi 

nopox 

i 

1 

1.57. 

1700 

0,367 

1.24 

— 

160 

ALM61 

— 

1.77 

1750 

1,27 

165 

—  j 

30  AHrxHlcKHl'iiep- 
XJOpaTHUi  Dopox 

— 

— 

2400 

0.367 

1.26 

— 

— 

-  1 

lliOALSIT 

— 

1.74 

1970 

— 

r.25 

195 

15,0 1 

IPCOCTM  6MP1III 

^lokol  uhenlcil 

— 

1.55 

1460 

— 

1,26 

— 

190 

-i 

1 

NORS 

— 

1,77 

1750 

1.25 

— 

200 

13HiisicoTeiuiepa* 

TjrpHHi  COCTiO 

l^iCocTan,  ooayaea- 

NUi  lUI  OCHOM 

OALSIT 

— 

1.65 

i.w 

I 

1 

1520 

2700 

1 

1 

1.24 

1,27 

! 

1 

— 

165 

210 

— 

♦The  quantity  Cp  is  a  function  of  temperature 

and  pressure.  The  table  presents  the  value  of 
Cp  (and  correspondingly  of  k)  at  p  =  100  kg/cm^ 

euid  temperature  Tp  for  each  propellant. 

♦♦The  magnitude  of  the  specific  Impulse  is  pre¬ 
sented  for  the  standard  test  engine  at  a  pres¬ 
sure  of  70  atm  and  a  nozzle  e:q>anslon  of  = 

=  2.24. 

1)  Brandi  2)  a^(2h)*  3)  y,  g/cm^i  4)  fp,  kg-nv'kg;  5) 

kg'sec/kg;  6)  kg/cm^i  7)  R-6l  (Germany);  8)  R-61  (USA);  9)  ex¬ 

perimental  British  powder;  10)  British  perchlorate  powder;  11)  QALCIT 
12)  composition  produced  by  the  Thlokol  Chemical  Company;  13)  low-tern 
perature  composition;  14)  composition  based  on  GALCir. 
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Istlc  of  the  propellant. 

With  respect  to  the  quantity  p*^^^  which  determines  the  lower 
bovindary  of  pressures  at  which  the  propellant  will  burn  without  anoma¬ 
lies,  It  should  be  pointed  out  that  the  boundary  of  permissible  pres- 
sxare  val\ies  must  be  as  low  as  possible.  In  this  case.  It  will  be  pos¬ 
sible  to  design  an  engine  for  low  operating  pressures,  l.e.,  with  min¬ 
imum  wall  thicknesses  and  correspondingly  low  structural  weight.  Con¬ 
temporary  foreign  propellants  exhibit  a  limit  pressure  boundary  of  the 
order  of  15  to  35  kg/cm  . 

It  has  been  established  that  the  quantity  Is  determined  not 

only  by  the  properties  of  the  propellant,  but  by  the  structural  fea- 
tvires  of  each  Individual  engine;  therefore,  under  certain  conditions 
p*min  Increases  to  higher  values.  The  problems  of  anomalous  combustion 
and  the  selection  of  the  operating  pressure  are  examined  In  greater 
detail  below;  here  we  must  concern  ourselves  only  with  the  fact  that 
the  best  propellants  are  those  which  under  cca5)arable  conditions  bvirn 
normally  at  lower  pressvires. 

Some  characteristics  of  various  propellants  are  presented  In 
Table  4.3«  It  should  be  pointed  out  that  with  respect  to  Individual 
propellants,  contradictory  data  are  encountered  In  the  literature,  and 
therefore  the  corresponding  characteristics  are  not  presented  because 
of  their  doubtful  reliability. 

§2.  APPROXIMATE  CALCULATION  OF  THE  COMPOSITION  OP  THE  PRODUCTS  OP  COM¬ 
BUSTION 

Many  of  the  processes  that  take  place  within  a  solld-propellant 
rocket  engine,  and  some  of  the  parameters  of  Interior  ballistics,  are 
strong  functions  of  the  composition  and  the  properties  of  the  products 
of  propellant  combustion;  therefore  the  determination  of  the  composi¬ 
tion  of  the  products  of  combustion  Is  an  extremely  Important  matter. 


In  first  approximation,  the  calculation  of  the  composition  of  the 
products  of  combustion  can  be  reduced  to  finding  and  solving  a  system 
of  equations  for  the  coefficients  of  the  propellant-combustion  reac¬ 
tion,  and  this  system  of  equations.  In  general  fom.  Is  written  as 
follows:  r 

C.H*OA-J'CO,+yCO+zH,+«H,0+ 

where  Is  the  so-called  conventional  formula  for  the  propel¬ 

lant;  a,  b,  c,  and  d  are  the  number  of  gram-atoms  of  the  corresponding 
elements  In  a  conventional  molecule  of  propellant;  x,  u,  and  d/2 

are  the  number  of  gram-molecules  of  the  corresponding  substances  In 
the  products  of  propellant  combustion  (the  coefficients  of  the  reac¬ 
tion)  . 

The  notation  which  envunerates  all  of  the  above  chemical  elements 
that  enter  Into  the  ccxnposltlon  of  the  propellant  ccai^jonents  Is  re¬ 
ferred  to  as  the  conventional  formula;  this  formula  Indicates  the 
total  gram-atoms  of  these  elements  for  all  components.  The  conventional 
formula  Is  found  on  the  basis  of  the  chemical  composition  of  the  pro¬ 
pellant  and  Is  derived  for  1  kg  of  propellant. 

The  procedure  employed  for  the  derivation  of  the  conventional 
formula  Is  best  demonstrated  In  a  specific  example.  Let  us  examine  a 
propellant  having  the  following  ccmiposltlon  (in  ^): 

nitrocellulose  (12.^  N) .  36.6 

nitroglycerine .  28.0 

dlnltrotoluene . 11.0 

centrallte .  4.4 

Industrial  wax .  0. 1 

and  the  known  chemical  fozmilas  of  the  Individual  c(»q>onents: 
nitrocellulose  {12,2^  N) .  ^22.3^36.16^28  8%  7 


% 
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nitroglycerine .  ( ONOg )2 

dlnltrotoluene .  CgHg(CH2)(N02)2 

central Ite .  CON2C2Hg(CgHg)2 

Industrial  wax .  .  C20H42. 

where  the  formula  for  nitrocellulose  is  derived  through  the  utilization 

of  the  following  relationships: 

21.85- 1,180  (NX -12.75); 

O«,-36.40  +  0,444(NX-12.75);[  /4  j) 

H^«=27.32  -  2.690 (NX  - 12,75);  ^ 

N»,«  9.10+0.722(NX- 12.75) 


(N  Is  the  nitrogen  content.  In  fi.  In  the  nitrocellulose  of  the  powder). 

According  to  definition,  the  conventional  powder  formula  will 
take  the  following  form: 


H 


N 


£Hy 

/-I 


SO, 
/-I  * 


■ 

SM, 


5 

Cj  Is  the  sum  of  the  gram-atoms  of  carbon  In 

each  of  the  five  components  of  the  given  composition,  per  1  kg  of  poW' 
der. 


where,  for  example, 


We  will  find  Cj  for  one  of  the  powder  components;  for  example,  we 
will  find  this  quantity  for  dlnltrotoluene.  In  accordance  with  the 
chemical  formula,  there  are  seven  atoms  of  carbon  In  the  molecule  of 
this  substance;  on  the  other  hand.  If  the  powder  contains  llj^  dlnltro¬ 
toluene,  there  will  be  110  g  of  the  substance  In  1  kg  of  the  powder. 
Ifence  the  nxunber  of  gram-atoms  of  carbon  In  the  total  of  the  subscripts 
In  the  conventional  powder  formula  will  be 

C/-7lg-4.23. 

or.  In  general  form 

(4.8) 
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where  is  the  nxunber  of  carbon  atoms  in  a  molecule  of  the  ^^th  com¬ 
ponent  of  the  powder;  gj  is  the  weight  fraction  of  the  Jth  component, 
in  1  kg  of  powder;  |Xj  is  the  molecular  weight  of  the  Jth  component. 

As  a  result,  the  subscript  of  the  conventional  formula  Is  defined 
as  the  sum 


a 


(^.9) 


where  _s  Is  the  number  of  components  entering  Into  the  composition  of 
the  given  powder. 

The  subscripts  for  the  other  elements  In  the  conventional  formula 
sire  determined  In  much  the  same  raainner. 

Without  dwelling  In  detail  on  the  calculation,  we  will  present 
the  calculation  results  In  special  form  (Table  4.4). 

After  the  conventional  formula  for  the  powder  has  been  formed,  we 
determine  three  relationships  for  the  calculation  of  the  combustion- 
reaction  coefficients,  and  these  relationships  are  equations  of  the 
material  balance  of  the  reacting  substances; 

a-4f+y. 

b^2z+2u. 

It  should  be  borne  In  mind  that  in  addition  to  the  basic  combus¬ 
tion  reaction 

CO,+yCO+* 

secondary  reversible  reactions  take  place  In  the  gaseous  products,  and 

of  these  the  following  are  the  basic  reactions: 

2CO;iCQi+C, 

H*O+CX>;^C0,+H, 

and  the  dissociation  reactions: 

f'  CQ,5±CO+0, 

H<0?tH+OH. 
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It  has  been  demonstrated  by  special  analysis  that  for  the  pres- 
siires  and  temperatvires  characteristic  of  the  combustion  chambers  in  a 
solid-propellant  rocket  engine,  the  equilibrium  constant  of  the  reac¬ 
tion 

2CO?iCO,+C 


is  so  great  that  this  reaction  may  be  regarded  as  shifted  as  far  as 
possible  to  the  left,  l.e.,  it  need  not  be  considered  in  practical 
calculations.  The  dissociation  reactions  also  play  no  significant  role, 
so  that  we  must  take  Into  consideration  only  the  following  reaction: 

H,0+C05SC0,+  H» 

which  Is  written  In  the  following  form  for  the  products  of  propellant 
combustion; 

a  HjO +y  CO  jc  CO,+i 
The  equillbriian  constant  of  this  reaction 

y_[H,01IC01 

(COiIIHJ 

yields  the  additional  equation 


iCM 


which  when  taken  Into  consideration  serves  to  close  the  system  of  equa¬ 
tions  en5)loyed  for  the  determination  of  the  combustion-reaction  coef¬ 


ficients; 

a-jf+y 

b"*2z-\-2u, 

XM 


(4.10) 


The  quantity  K  is  a  function  of  the  temperature  of  the  products 
of  combustion;  therefore,  the  solution  of  the  system  can  be  found  only 
If  the  temperature  of  powder  combustion  is  known.  If  the  combustion 
teiiQ>erature  is  not  given,  we  proceed  In  the  following  manner.  We  assxane 


TABIE  4.4 

Data  for  the  Calculation  of  the  Conventional  Propellant  Formula 


1  HaaBiHH* 
KOMnOHeMTII 

2XNMNae€Kafl  ^aijaa 
KOMOOMHTa 

3 

MoaeKV- 
aapRul 
MC  KOM* 
noNeHTa 

4 

Coxep* 

5  CoAepmaNiie  OTxejBMux  ajieMCHToa  Ha  1  ira 
nopoxa  a  $*am 

mamie 

■  1  fC$ 

nopoxa 

lij 

If/ 

Ny-Zy^l. 

6 

HHTpOKJieT«MTICa 

1000 

505 

12,70 

18.25 

20.40 

4.01 

7 

HHTporJHUepNH 

8 

AHHHTpOTOJiyOJI 

9 

UeHTpaJiHT  j 

CjHrfONOi), 

227 

280 

3.70 

6.18 

11,10 

3,70 

C«H,(CH,KN0|), 

182 

110 

4.23 

3.63 

2.42 

1.21 

C0NAH|(C,H(), 

44 

2,18 

2,18 

0.14 

0.29 

10  1 

Bock  TexHHHecKiiA 

C10H41 

282 

1 

0,07 

0.15 

1 

— 

IIMtOTO  B  1  Kt  TOOJIN»a 

22.88 

28,39 

34,06 

10.11 

12t.  e,  ycjOBMa  ^pujaa  uniiiDeTca  rax:  C||jbH|94|0^4^io,ii 

1 

i 

Note,  ky  mj,  and  f j  are  the  nvuriber  of  hydrogen,  oxygen,  and  nitrogen 
atoms  In  a  molecule  of  the  Jth  ccanponent  of  the  propellant. 

l)  Component;  2)  chemical  formula  for  component;  3)  moleculsu'  weight 
of  component;  4)  content  In  1  kg  of  powder;  5)  content  of  Individual 
elements  In  1  kg  of  powder.  In  gram-atoms;  6)  nitrocellulose;  7)  nitro¬ 
glycerine;  8)  dlnltrotoluene ;  9)  centrallte;  10)  Industrial  wax;  11) 
the  total  for  1  kg  of  propellant  will  he;  12)  l.e.,  the  conventional 
formula  Is  written  as  follows:  Cgg  88^28  39^34  06%0  11* 


iH^KKCuifla 


Pig.  4.2.  Graph  for  the  deter¬ 
mination  of  true  temperat\a?e 
of  the  products  of  powder  com¬ 
bustion.  Is  the  heat  content 

(enthalpy)  of  the  powder;  1) 
kcal/kg. 
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three  tentative  values  of  Tp  and  the  composition  of  the  products  of 
combustion  for  each  temperatvire  Is  determined.  On  the  basis  of  the  com¬ 
position  of  the  products  of  combustion  and  the  heat  content  of  the  com¬ 
ponents  of  the  gas  mixture,  the  total  heat  content  of  the  products  of 
combustion  Is  determined;  a  comparison  of  the  heat  contents  against 
the  heating  value  of  the  powder  makes  It  possible  to  find  the  tempera- 
t\ire  of  the  products  of  combustion  (Pig.  4.2),  on  the  basis  of  which 
we  can  refine  the  composition  of  the  products  of  combustion. 

A  more  detailed  calculation  of  the  temperatiore  of  the  products  of 
combustion  was  presented  In  the  book  by  G.B.  Slnyarev  and  M.V.  Dob- 
rovol'skly:  "Zhldkostnyye  raketnyye  dvlgatell"  (Oboronglz,  1957)  ["Liq¬ 
uid  Rocket  Engines"  (State  Defense  Industry  Press,  1957)]- 

If  we  know  the  composition  of  the  products  of  combustion,  we  can 
easily  calculate  the  basic  quantities  which  characterize  the  proper¬ 
ties  of  the  gas  mlxtvire.  For  example.  In  accordance  with  the  laws  gov¬ 
erning  gas  mixtures,  partial  pressures  of  Individual  components  of  the 
mlxtvire  can  be  calculated  according  to  the  following  formula: 

(4.11) 

where  p^  Is  the  partial  pressure  of  the  ^th  coiiQ)onent  of  the  gas  mlx- 
tvire;  p^  Is  the  total  pressure  In  the  gas  mixture,  said  pressure  equal 
to  the  pressvo’e  within  the  combustion  chamber;  r^^  Is  the  volxanetrlc 
fraction  of  the  gas  In  the  mixture. 

The  apparent  molecular  weight  of  the  mixture  will  be 

(4.12) 

where  Is  the  moleculeir  weight  of  the  ^th  gas  in  the  composition  of 
the  mixture;  s^  Is  the  number  of  components  In  the  mixture. 

If  we  know  these  quantities,  we  can  determine  the  heat  capacity 
of  the  products  of  combustion,  their  gas  consteuit,  and  certain  other 
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parameters  which  are  of  great  significance  for  the  Interior-ballistic 
and  thermal  calculations  for  the  engine.  The  composition  of  the  prod¬ 
ucts  of  complete  combustion  of  certain  solid  propellants  Is  presented 
In  Table  4.5. 


TABLE  4.5 

Composition  of  the  Products  of  Combustion  of 
Certain  Brands  of  Solid  Rocket  Propellants 


2Mapict 

KOMDONtllTM 

npoAjmt 

iPN 

jp 

t 

M-7 

ALM61 

BACA 

HSC 

AHrjiHl* 
CKHi  nep* 

ZJOpTHili 

oopox 

2 _ 

CO, 

25.1 

27.1 

. 

24.8 

3.3 

28.3 

25.3 

CO 

26,0 

25.a 

24,7 

44.0 

24.0 

25.7 

Hfi 

28,3 

28,0 

28.5 

0.0 

27.7 

27,0 

H, 

5.0 

3.0 

4.1 

27.4 

3.8 

4.7 

N, 

IS.l 

16,5 

14.0 

0.1 

15.0 

15.4 

OH 

0.5 

0.4 

0.4 

— 

0.6 

— 

4TmPJ|IM  •uctmih 

— 

— 

0.0 

— 

l.I 

0.4 

KQ 

— 

— 

1.7 

15.1 

— 

— 

so, 

— 

— 

— 

0.2 

0.3 

— 

3M04eiqrMpHlii  MC  ^ 

27.8 

2B.0 

28.7 

30.0 

27.0 

25.0 

25.0 

Note,  Composition  of  the  products  of  propel- 
lant  combustion  Is  presented  In  molecular 
percentages  for  p  =  70  atm. 

1)  Components  of  the  products  of  combustlonj 

2)  brand;  3)  British  perchlorate  powder;  4) 
solid  particles;  5)  molecular  wel^t 

§3.  BASIC  QUANTITATIVE  RELATIONSHIPS  aOVERNINC  COMBUSTION  OP  SOLID 
ROCKET  PROPELLANTS 

Mechanism  of  Combustion  of  Solid  Rocket  Propellants 

On  the  basis  of  published  works,  we  would  come  to  the  conclusion 
that  only  the  combustion  of  colloidal  powders  has  been  studied  In  suf¬ 
ficient  detail  up  to  the  present  time.  It  Is  for  this  reason  that  all 
that  follows  Is  of  direct  significance  only  with  respect  to  the  com¬ 
bustion  of  smokeless  rocket  powders  of  this  class.  With  respect  to 
composite  propellants  It  has  been  established  e3q>erlmentally  that.  In 
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first  approximation,  the  basic  quantitative  relationships  governing 
the  combustion  of  these  propellants  can  be  assvuned  to  be  the  same  as 
in  the  case  of  the  colloidal  powders. 

As  a  rule,  a  great  quantity  of  various  components  are  Included  in 
the  composition  of  the  powder;  these  components  form  complex  physical 
and  chemical  bonds  between  one  another  and,  therefore,  the  powder  com¬ 
bustion  is  a  complex  multistage  process. 

The  earliest  experiments  and  the  first  theoretical  generalizations 
of  the  observation  results  made  it  possible  to  establish  that  the  pow¬ 
der,  as  a  37ule,  burns  in  parallel  layers,  and  it  was  also  established 
that  the  basic  reactions  of  the  combustion  process  occur  in  the  gas 
phase;  in  addition,  it  was  determined  that  the  combustion  of  the  pow¬ 
der  precedes  the  thermal  decomposition  of  the  svirface  layer  of  the  pow¬ 
der  grain.  Since  nitrocellulose,  the  base  of  the  rocket  powder,  is  non¬ 
volatile,  it  was  not  possible  to  explain  the  mechanism  of  the  forma¬ 
tion  of  the  gas  phase  tintll  19^2;  it  was  at  this  time  that  the  hypo¬ 
theses  as  to  the  gasification  of  the  products  of  the  thermal  decomposi¬ 
tion  of  the  siirface  layer  of  the  powder  was  offered;  in  addition,  it 
was  impossible  to  offer  an  explanation  for  the  above  vintll  we  were 
able  to  obtain  theoretical  results  that  were  in  good  agreement  with 
experimental  data.* 

By  gasification  we  mean  the  process  of  the  primary  deconposltlon 
of  the  solid  propellant  which  results  in  the  disruption  of  certain 
chemical  bonds  and  produces  gaseous  products  and  solid  particles  that 
are  suspended  in  the  gas  phase.  These  products  enter  into  final  chem¬ 
ical  reactions  of  combustion  within  the  confines  of  the  gas  phase. 

Ih  the  opinion  of  many  specialists  and  investigators,  the  disrup¬ 
tion  of  the  solid  phase  is  the  stage  of  combustion  which  determines 
the  rate  of  the  entire  process  and  this,  in  the  general  case,  is  not 
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equal  to  the  rate  of  the  formation  of  the  primary  gaseous  products, 
said  rate  calculated  In  accordance  with  the  following  formula: 

^wr 

"•r-M  ••  (4.13) 

where  m^^  Is  the  mass  rate  of  gas  formation;  Is  some  constant  of  the 
process;  E  Is  the  total  energy  of  activation;  R  Is  the  gas  constant; 

Is  the  gas  temperature  at  the  boxmdary  of  separation  between  the 
solid  and  gas  phases. 

We  can  present.  In  the  following  form,  a  more  complete  picture  of 
the  successive  processes  taking  place  In  the  powder  during  combustion 
In  the  chamber  of  the  rocket  engine. 

As  the  outer  layer  of  the  powder  grain  Is  heated  to  temper at\ju?es 
of  100-120°C,  the  molecular  bonds  of  the  nitrocellulose  In  the  powder 
grain  are  depolymerlzed  and  the  solvate -hydrate  complexes  of  the 
molecules  are  destroyed. 

With  continued  Increase  In  temperature,  the  stronger  chemical  and 
physical  bonds  are  destroyed,  and  by  t  =  200-220°C  a  llquld-vlscous 
layer  of  melted  powder  Is  formed  at  the  siirface  of  the  grains. 

IHie  volatile  components  of  the  powder  are  vaporized  at  the  sur¬ 
face  of  the  llquld-vlscous  layer  and  the  nitrocellulose  Is  gasified; 
as  a  result,  a  layer  of  so-called  vapor-gas  Is  formed  at  the  stu'face 
of  the  grain.  The  region  In  which  the  gas  phase  Is  formed  Is  refeirred 
to  as  the  zone  of  powder  gasification.  Here,  In  the  Immediate  vicinity 
of  the  burning  sxn'face,  the  products  of  the  gasification  vlrtvially  do 
not  Interact,  and  only  certain  exothermic  reactions  take  place;  these 
are  of  no  particular  significance.  The  stream  of  particles  In  the  gas¬ 
ification  zone  Is  normal  to  the  stirface  of  the  grain.  OSie  products  of 
the  gasification,  entrained  by  this  stream,  are  carried  Into  the  vapor- 
gas  cloud  where  the  combusvlble  mlxtxire  of  the  gases  Is  prepared. 
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Pig.  4.3.  Diagram  of  the  com¬ 
bustion  of  a  colloidal  rocket 

solid  propellant.  T_)  gas  tern- 

z 

peratvire  at  the  bovindary  of 
separation  between  the  solid 
and  gas  phases;  Tq)  Initial 

charge  temperature;  a)  solid 
powder  phase;  b)  gaseous  prod¬ 
ucts;  1;  cupola  of  grain  with 
Initial  powder  parameter;  2) 
zone  of  primary  decomposition 
of  powder  components;  3)  Hq- 
uld-vlscous  layer;  4)  gasi¬ 
fication  zone;  5)  zone  of  com¬ 
bustible  mlxtvire  preparation; 

6)  zone  of  combustion;  7)  prod¬ 
ucts  of  powder  combustion. 


I 

t 


The  final  combustion  reactions  which  take  place  Intensively  In 
the  so-called  zone  of  combustion  are  Initiated  In  the  layer  of  the 
vapor-gas  cloud  vdiere  a  corresponding  concentration  of  active  products 
Is  achieved.  At  the  end  of  the  combustion  zone,  the  gas  temperature 
attains  the  Isobarlc  combustion  teii^>eratTire . 

Figure  4.3  shows  a  diagram  of  the  ccmibiistlon  of  a  colloidal  pow¬ 
der.  A  detailed  study  of  the  reactions  taking  place  within  the  combus¬ 
tion  zone  has  demonstrated  that  these  take  place  successively.  In  two 
stages.  At  the  end  of  the  first  stage,  the  products  of  Incomplete  oxi¬ 
dation  predominate  In  the  products  of  combustion  and  these  contain  ox- 
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ides  of  unreduced  nitrogen.  In  this  case,  approximately  one  half  of 
the  enthalpy  of  the  powder  Is  liberated.  During  the  second  stage,  the 
complete  reduction  of  the  nitrogen  from  Its  oxides  takes  place,  and 
the  remaining  substances  are  oxidized.  The  reactions  of  this  phase 
liberate  the  remaining  50$^  of  the  energy  of  powder  combustion. 

It  has  been  established  that  as  the  combustion  terminates  on  the 
completion  of  the  reactions  of  the  first  stage  alone,  low-frequency 
pressure  fluctuations  are  observed  in  the  engine,  combustion  becomes 
unstable  In  na tin's,  and  there  Is  a  tendency  to  anomalous  attenuation. 

On  the  other  hand,  the  reactions  of  the  second  stage  may  take  place 
only  under  definite  conditions  within  the  engine,  and  we  have  refer¬ 
ence  here  particularly  to  pressures  not  below  some  definite  operating 
pressure  for  the  given  powder  composition.  Thus  the  nature  of  the 
phases  of  the  powder -combust Ion  mechanism  Is  a  function  of  the  param¬ 
eters  of  the  interior  ballistics  of  the  engine  and  the  engine  design; 

In  order  to  liberate  a  greater  quantity  of  energy  within  the  combus¬ 
tion  chamber  suid  to  achieve  stable  combustion,  we  require  conditions 
which  gviarantee  the  occurrence  of  the  chemical  reactions  of  the  second 
combustion  stage. 

On  completion  of  the  combustion  reaction,  the  gaseous  products 
that  have  been  formed  move  through  open  passages  In  the  engine  to  the 
nozzle  and  are  ejected.  As  a  result  of  the  discharge  of  the  products 
of  combustion,  a  reactive  force  Is  developed  and  this  force  Is  the  re¬ 
action  of  the  exhaust  stream  of  the  products  of  combustion. 

It  should  be  pointed  out  that  the  sequence  of  processes  (examined 
In  detail)  that  taloes  place  In  the  combustion  of  solid  rocket  propel¬ 
lants  Is  not  absolutely  reliable.  However,  It  may  be  used  as  an  operat¬ 
ing  diagram  of  the  combustion,  since  It  yields  results  that  are,  for 
the  most  part.  In  good  agreement  with  experimental  data. 


Burning  Rate  Function 

One  of  the  basic  featiu?eB  of  a  solld«propellant  rocket  engine  Is 
the  fact  that  the  burning  rate  of  the  powder  In  the  engine  Is  a  strong 
fvinctlon  of  the  magnitude  of  the  pressure  In  the  combustion  chamber. 
The  linear  burning  rate  of  the  powder  as  a  function  of  pressvire  Is 
generally  referred  to  as  the  powder -combust Ion  function,  and  here  by 
linear  (mechanical)  b;arnlng  rate  for  the  powder  grains  we  mean  the 
rate  at  which  the  burning  surface  of  the  charge  shifts  In  the  direc¬ 
tion  of  the  Inside  normal: 


where  u^^  Is  the  linear  burning  rate;  e  Is  the  so-called  cupola  of  the 
grain  (the  mlnlmvim  distance  covered  by  the  bvirnlng  front  dvirlng  the 
time  of  engine  operation). 

The  physical  nature  of  the  btirnlng  rate  as  a  function  of  pressxire 
Is  obvious.  In  fact,  the  burning  rate  Is  defined  as  the  rate  at  which 
the  chemical  reactions  take  place  In  the  zone  of  combvistlon  and  It  Is 
determined  by  the  quantity  of  gases  entering  Into  this  zone  of  canbus- 
tlon  from  the  grain. 

The  quantity  of  these  gases  Is  directly  proportional  to  the  mass 
rate  of  formation  of  the  gaseotis  products  of  primary  powder  decomposi¬ 
tion,  which  In  accordauice  with  (4.13)  Increases  as  the  ten^eratwe  In 
the  vicinity  of  the  charge  surface  rises.  Thus,  the  combustion  (bvu*n- 
Ing)  rate  In  the  final  analysis  Increases  as  the  teiiQ)erature  In  the 
vicinity  of  the  charge  surface  rises.  The  characteristic  curve  of  this 
function  Is  presented  In  Fig.  4.4.  On  the  other  hand,  the  grain  Is 
heated  as  a  result  of  the  transfer  of  heat  between  the  upper  layer  of 
the  grain  and  the  hlgh-tenq>erat\ire  zone  of  combustion.  The  heat  flow 
to  the  grain  may  be  regarded  as  Inversely  proportional  to  the  distance 
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Blaming  Rate  Function 

One  of  the  basic  featiires  of  a  solld>propellant  rocket  engine  Is 
the  fact  that  the  bvirning  rate  of  the  powder  in  the  engine  Is  a  strong 
function  of  the  magnitude  of  the  pressure  In  the  combustion  chamber. 
The  linear  burning  rate  of  the  powder  as  a  function  of  pressvire  Is 
generally  referred  to  as  the  powder -combust Ion  function,  and  here  by 
linear  (mechanical)  burning  rate  for  the  powder  grains  we  mean  the 
rate  at  which  the  burning  surface  of  the  charge  shifts  in  the  direc¬ 
tion  of  the  Inside  normal: 


where  u^^  Is  the  linear  bvirnlng  rate;  e  Is  the  so-called  cupola  of  the 
grain  (the  minimum  distance  covered  by  the  burning  front  during  the 
time  of  engine  operation). 

The  physical  nature  of  the  bvo’nlng  rate  as  a  function  of  pressure 
Is  obvious.  In  fact,  the  bxirnlng  rate  Is  defined  as  the  rate  at  which 
the  chemical  reactions  take  place  In  the  zone  of  oombxistlon  and  it  Is 
determined  by  the  quantity  of  gases  entering  Into  this  zone  of  ccmibus- 
tion  from  the  grain. 

The  quantity  of  these  gases  Is  directly  proportional  to  the  mass 
rate  of  formation  of  the  gaseous  products  of  primary  powder  decomposi¬ 
tion,  which  In  accordance  with  (4.13)  Increases  as  the  tenQ>erature  In 
the  vicinity  of  the  charge  surface  rises.  Thus,  the  ccmibustlon  (btirn- 
Ing)  rate  In  the  final  analysis  Increases  as  the  tenperature  In  the 
vicinity  of  the  charge  surface  rises.  Ihe  characteristic  ctirve  of  this 
function  Is  presented  In  Fig.  4.4.  On  the  other  hand,  the  grain  Is 
heated  as  a  result  of  the  transfer  of  heat  between  the  upper  layer  of 
the  grain  and  the  hlgh-temperatxu'e  zone  of  combustion.  The  heat  flow 
to  the  grain  may  be  regarded  as  Inversely  proportional  to  the  distance 
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Fig.  4.4.  The  curve  showing 
the  burning  rate  of  a  colloidal 
powder  as  a  function  of  the 
temperature  near  the  surface 
of  the  burning  grain.  1)  u,, 
cm/sec.  — 


nomok  nptdykmot  cnpOMi^^' 

PKt/M*  ■  '  » 


Pig.  4.5.  Diagram  clarifying 
the  burning  rate  as  a  function 
of  the  magnitude  of  pressxxre 
in  the  engine. 

=  1^6(p)  (Tp  -  T^)  = 

=  f(p)  [kcal/m^hr]. 

k)  a  powder  constant;  5(p)  the 
'distance  from  the  zone  of  com¬ 
bustion  to  the  srirface  of  the 
grain;  Tp)  the  temper atxire  of 

the  products  of  combustion; 

T^)  the  temperature  close  to 

the  svirface  of  the  charge;  l) 
the  flow  of  the  products  of 
combustion;  2)  jg,  k^cm^;  3) 
reverse  heat  flow;  7)  powder 
grain. 


between. the  surface  of  the  grain  and  the  combustion  zone,  l.e.,  the 
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Fig.  4.6.  Characteristic  cvirves 
of  the  relationship  between  the 
bvirnlng  rate  u  and  the  pres¬ 
sure  £  for  coTloldal  powders 
of  various  compositions.  1-4) 
Powder  compositions;  A)  u, , 

cm/sec  j  B)  200  p,  kg/cm  . 


bxjrnlng  rate,  all  other  conditions  being  equal.  Is  all  the  greater, 
the  smaller  the  distance  between  the  combustion  zone  and  the  surface 
of  the  grain  (Plg.  4.5)* 

What  takes  place  In  the  engine  as  the  pressure  within  the  engine 
Is  Increased?  With  an  Increase  In  pressure,  the  vapor-gas  cloud  Is 
compressed  against  the  sxirface  of  the  grain  and  the  transfer  of  heat 
between  the  grain  and  the  combustion  zone  Is  Intensified.  As  a  result, 
the  tenQ)erat\u?e  close  to  the  surface  of  the  charge  rises  and,  conse¬ 
quently,  the  rate  of  gas  formation  Increases,  l.e.,  the  mass  of  prod¬ 
ucts  entering  the  combustion  zone  Increases.  All  of  this  results  In  a 
situation  In  which  the  rate  of  powder  burning  Increases.  Conversely, 
with  a  drop  In  pressure  In  the  engine,  the  vapor-gas  cloud  moves  away 
from  the  surface  of  the  grain  and  the  Intensity  of  heat  transfer  be¬ 
tween  the  cloud  and  the  grain  diminishes,  thus  resulting  In  a  reduc¬ 
tion  In  the  burning  rate. 

It  should  be  pointed  out  that  In  the  case  of  am  unlimited  Increase 
In  pressure  there  Is  a  certain  minimum  distance  between  the  svirface  of 
the  grain  and  the  combustlcai  zone  (of  the  order  of  the  mean  molecular 
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free  path),  l.e.,  there  must  exist  some  maximum  btirnlng  rate.  On  the 
other  hand,  with  a  reduction  In  pressure,  the  burning  rate  can  be  re¬ 
duced  to  zero  (the  damping  of  the  combustion  process).  If  the  heat 
transferred  to  the  grain  from  the  zone  of  combustion  Is  Inadequate  to 
permit  vaporization  processes  and  the  gasification  of  the  llquld-vls- 
cous  powder  layer. 

As  has  already  been  Indicated,  In  first  approximation  the  combus¬ 
tion  rate  may  be  regarded  as  constant  at  any  point  on  the  surface  of 
the  grain.  The  hypotheses  as  to  the  burning  In  parallel  layers  become 
Invalid  only  In  the  case  of  engines  exhibiting  a  high  ratio  of  burning 
surface  to  free  combustion-chamber  cross  section,  where  the  burning 
rate  Increases  along  the  surface  of  the  grain;  however,  this  case  may 
be  regarded  as  special. 

The  theoretical  determination  of  the  relationship  between  the 
burning  rate  and  the  pressure  Involves  certain  difficulties  because  of 
the  features  encountered  In  the  chemical  kinetics  of  the  reactions 
taking  place  In  the  various  zones  of  the  vapor-gas  cloud,  and  because 
the  basic  quantitative  relationships  governing  diffusion  and  heat 
transfer  In  the  gaseous  products  are  extremely  con?)lex.  Moreover,  the 
very  structure  of  the  vapor-gas  cloud  remains  essentially  vinlnvestl- 
gated.  Therefore,  It  Is  the  general  practice  to  seek  the  laws  govern¬ 
ing  burning  In  the  foiro  of  certain  empirical  relationships  which  will 
generalize  the  ejq>erlmental  data  from  a  statistical  standpoint. 

The  evaluation  of  the  results  obtained  In  experimental  burning  of 
powders  has  shown  that  It  Is  In^osslble  to  represent  the  function  of 
the  burning  u^  =  U2(p)  by  a  single  function  for  the  various  powders 
and  the  wide  range  of  possible  values  for  the  operating  pressvires. 
Therefore,  the  burning  functions  for  various  powders  are  expressed  In 
various  ways. 
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In  this  case,  the  so-called  power  burning  functions  have  become 


the  most  commonly  used: 

Which  approximate  the  relationship  between  the  burning  rate  of  col- 
loldal  powders  and  the  pressure  In  a  range  from  100  to  15O  kg/cm  com¬ 
paratively  well.  Given  higher  pressures  (up  to  300  kg/cm^)  the  burning 
function  for  the  powders  generally  approaches  a  linear  function; 

«*-«!  p. 

In  the  formulas  for  the  bvirnlng  fvinctlons  that  have  been  pre¬ 
sented  above,  u^  Is  the  linear  bxirnlng  rate.  In  cm/sec;  £  Is  the  op- 
eratlng  pressure  In  the  combustion  chamber.  In  kEj/cm  j  A,  B,  v,  and  u^ 
are  certain  experimental  coefficients  that  are  functions  of  the  pow¬ 
der  composition,  the  Initial  tenperatxire  of  the  charge,  the  operating 
pressure,  and  certain  similar  parameters. 

Table  4.6  presents,  as  an  exanple,  the  bxu’nlng  functions  of  cer¬ 
tain  powders.  These  fimctlons  have  been  averaged  over  the  entire  pres¬ 
sure  interval  and  must  therefore  be  regarded  as  approximate  functions, 
yielding  only  a  general  qualitative  characteristic  for  the  relation¬ 
ship  between  the  burning  rate  and  pressure.  In  practical  calculations 
It  becomes  necessary  to  bear  in  mind  that  the  coefficients  of  the  burn¬ 
ing  fxmctlon  are  themselves  functions  of  the  magnitude  of  pressure. 

Figure  4.6  shows  characteristic  curves  of  the  relationship  be¬ 
tween  the  b\irning  rate  and  pressure  for  several  colloidal  powders. 

As  a  result  of  the  fact  that  the  bvirnlng  rate  Is  a  function  of 
pressva>e,  the  engine  characteristics  are  vunstable,  and  we  also  have 
the  fact  that  the  actual  combustion  process  exhibits  tendencies  to 
oscillation  in  the  case  of  pressure  fluctuations  appearing  within  the 
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TABLE  4.6 

Btirnlng-Rate  Function  for  Several  Rocket  Solid  Propellants 


2AHana30H  AaueRiift 

H  MauabHai  Tcune- 
piTjpa  aapiii 

3/Lita<f<150  g»ICM* 

4  150  ftitejfi<p<900  jra/aar* 

iMapKa 

20*C 

/^4.60*C 

t^m-Torc 

A)-+20*C 

% 

JP 

0,068V” 

• 

o.oeaV*” 

0,1011/'” 

0,0040^+0,32 

0,006/+0,41 

JPN 

0.07«^*'“ 

0.0879^®'* 

0,101V** 

— 

0,004VH>>S1 

— 

3  MejueuHo  ropaimii  aar» 

AHflCKHft  COCTtB 

o.oaaa^®*” 

o.oa7Sjfi’" 

0,043V" 

- 

0,0009/+0,22 

— 

17-H 

O,0B33lp®'” 

0,0270/-” 

0,03lV" 

— 

— 

— 

ALM61 

— 

0,0297/'” 

— 

- 

— 

— 

! 

5  AHraHftcK^  nepxjopaT- 
Huft  nopox 

1 

0,0045/-® 

1)  Breuid;  2)  range  of  pressures  and  Initial  temperature  of  charge;  3) 
p*jjjln  ^  P  <  150  kg/cm^;  4)  150  kg/cm^  <  P  <  300  kg/cm^;  5)  slow  bvirn- 
Ing  British  composition;  6)  British  perchlorate  powder. 


engine.  In  this  connection,  there  Is  some  Interest  In  the  work  being 
done  to  find  powder  compositions  whose  burning  rate  Is  Independent  or 
virtually  Independent  of  changes  In  pressure  within  the  engine. 

The  Burning  Rate  as  a  Function  of  the  Initial  Charge  Temperature  tg 
As  has  already  been  stated,  the  physicochemical  decomposition 
processes  Involving  the  components  of  the  powder  precede  the  actual 
combustion  of  the  powder;  here,  the  powder  components  enter  the  solid 
phase  and,  as  a  rule,  the  decomposition  processes  are  accon^anled  by 
absorption  of  heat.  The  Intensity  of  these  processes  Is  a  function  of 
the  Intensity  of  heat  transfer  to  the  surface  of  the  grain.  The  lower 
the  Initial  temper  attune  of  the  powder  charge,  the  greater  the  qviantlty 
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of  heat  that  must  be  supplied  in  order  for  the  primary  reactions  of 
the  destruction  of  the  solid  powder  phase  and  the  formation  of  the 
vapor  gas  to  take  place.  If  we  maintain  that  the  magnitude  of  the  re¬ 
verse  heat  flow  from  the  zone  of  combustion  to  the  solid  phase  of  the 
propellant  Is  approximately  constant  (this  Is  what  Is  observed  In  a 
solld-propellajit  rocket  engine).  It  Is  easy  to  understand  that  for  low 
Initial  charge  temperatvires  a  correspondingly  large  heatlng-tlme  In¬ 
terval  Is  required  for  the  surface  layer  of  the  grain,  as  a  result  of 
which  the  relative  rate  of  the  chemical  processes  resulting  In  the 
formation  of  the  gas  phase  will  be  low  and,  consequently,  the  burning 
rate  of  the  powder  will  also  be  low. 

The  thermal  conductivity  of  the  powder  Is  comparatively  low  (In 
comparison  with  the  burning  rate),  so  that  dvirlng  the  burning  time  the 
grain  Is  not  heated  up,  l.e.,  the  temperature  In  the  main  part  of  the 
grain  remains  vlrt^xally  xmchanged.  Thus  the  relationship  between  the 
burning  rate  and  the  Initial  charge  temperature  Is  preserved  through¬ 
out  the  entire  burning  time  and  It  Is  for  this  leason  that  the  second 
basic  characteristic  of  powder  combustion  appeaD's. 

In  first  approximation  we  may  ass\ame  that  a  change  In  the  bvirnlng 
rate  with  a  change  In  pressvire  5.n  the  engine  and  the  Initial  charge 
temperatvire  are  mutually  Independent.  In  this  case.  In  order  to  take 
Into  consideration  the  effect  of  these  two  factors  on  the  burning  rate, 
we  can  use  two  various  functions,  so  that 

(p)  f  (<•). 

where  u^^  Is  the  bvirnlng  rate;  u(p)  Is  the  burning -rate  function  for 
the  powder;  f(tQ)  Is  a  dimensionless  fvinctlon  by  means  of  which  we 
take  Into  consideration  the  effect  of  Initial  charge  tenqperature  on 
the  bvirnlng  rate;  this  function  Is  generally  referred  to  as  the  tem¬ 
perature  fvinctlon  of  combustion. 


It  iB  most  convenient  to  Introduce  f(tQ)  as  the  quantity  vrtilch 
Indicates  the  extent  to  which  the  hxu'nlng  rate  undergoes  change  at  any 
given  ten5)erature  In  comparison  with  some  established  rate  such  as, 
for  exangjle,  the  rate  at  t^  =  +20°C  (at  p  =  const).  In  this  case 


/(to)‘ 


JbiLM. 


«4(^.  * 


(4.15) 


In  the  general  practice  of  calculations  f(tQ)  Is  calculated  In 
terms  of  the  temperatiire  coefficient  of  the  bvirnlng  rate  In  accord 
ance  with  the  following  formula: 

(4.16) 


where  Indicates  the  change  In  powder  burning  rate  with  a  change  In 
charge  temperature  by  1°  (from  a  ten5)erature  of  +20°c). 


(^.17) 


In  differential  form,  more  suitable  for  the  subsequent  mathemati¬ 
cal  transformations, 

4t.  *  (4.18) 

where  t^  Is  the  variable  temperatiu'e  of  the  charge. 

Experiments  have  demonstrated  that  the  temperatvire  coefficient  of 
the  btirnlng  rate  Is  not  an  absolute  constant  and  changes  somewhat  with 
a  change  In  the  temperature  of  the  charge  and  the  pressuu'e  within  the 
combustion  chamber;  however,  this  need  not  be  taken  Into  consideration 
In  the  tentative  calculations. 

The  relationship  P^  =  P(p)  Is  important  only  In  the  case  of  low 
pressixres;  If  we  neglect  p^  =  p(p)  for  pressures  In  excess  of  50-70 
kg/cm^,  this  will  have  virttially  no  effect  on  the  accuracy  of  the  cal¬ 
culation  results.  With  respect  to  the  relationship  p^  s  ,  this 

will  have  an  effect  on  the  temperature  function  of  the  buzvilng  rate 
throughout  the  entire  possible  temperature  Interval  of  rocket  engine 


-  126  - 


application.  The  relationship  =  ^(^2)  is  generally  presented  In  the 
following  form: 

(4.19) 


where  Is  some  constant  of  the  powder  whose  magnitude  Is  Inversely 
proportional  to  the  temperatvire  coefficient  of  the  burning  rate  at  20°C. 

If  we  take  (4.19)  Into  consideration,  the  tengjeratwe  function  of 
the  combustion  can  be  presented  In  the  following  form; 


/(<o)» !  +  ?,(/.- 20*)  = 


St 


s,-(/o-2(r)  <b-2y  ' 

s. 


(4.20) 


TABLE  4.7 


TtMMpiTypHUl 

CptlWIl 

TtratpaTW 

2 

CptJPNt 

ttMMMTyfatrp 

-100-1-  --40 

-70 

2.2.10-* 

-40-»41 

—20 

2,l«.l0-» 

-l(M-+10 

0 

4.0.10-* 

0-I-+30 

+10 

7.0. 10-* 

+20-9-HO 

400 

10.8. 10-« 

+40-1- +80 

+00 

14.0. 10-* 

1)  Temperature  Interval,  °Cj 

2)  mean  tender atxire  Interval, 
tgj,;  3)  mean  value  of  the  tem¬ 
pera  tiu'e  coefficient. 

Experiments  have  shown  that  at  atmospheric  pressure  the  relation¬ 
ship  PCig)  °sn  be  characterized  by  the  Indicated  values  of  the 

temperature  coefficient,  as  presented  In  Table  4.7. 

In  tentative  calculations.  It  may  be  maintained  that  for  the  ma¬ 
jority  of  colloidal  powders  the  change  In  the  temperatvire  of  the  charge 
by  1°C  for  the  operating  pressures  characteristic  for  solld-propellant 
engines  changes  the  bvirnlng  rate  on  the  average  by  0.1-0. 3$^  (In  the 
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Urnttmn  A 


Fig.  4.7.  Curves  for  the  hxirn- 
Ing  rate  of  colloidal  powder 
for  various  conditions  of  Ig¬ 
nition.  1)  tQ  =  +60°Cj  2)  tQ  = 

=  +20°Cj  3)  tQ  =  -20°C.  A) 

cm/aec;  B)  200  p,  kg/cm^.  *“ 


same  direction). 

Flgxire  4.7  shows  a  family  of  combustion  curves  for  various  Initial 

charge  temperatures  for  a  colloidal  rocket  powder. 

Relationship  between  the  Burning  Rate  and  the  Structural  Features  of 
the  Engine  (Combustion  Anomalies) 

An  extremely  Important  feature  of  the  operation  of  a  rocket  solld- 
propellant  engine  Is  the  relationship  between  the  pareimeters  of  the 
ccmbustlon  process  and.  In  particular,  the  magnitude  of  the  burning 
rate  and  the  structural  features  of  each  specific  engine  and  the  rela¬ 
tionship  between  certain  gecanetrlc  characteristics  of  the  powder  charge 
and  the  dimensions  of  the  ccmibustlon  chamber. 

From  this  standpoint  It  Is  Interesting  to  point  to  two  basic 
phenomena  which  are  observed  In  solld-propellant  engines:  erosive  burn¬ 
ing  ^uld  vibration  burning  (refezred  to  as  resonant  burning  ["chugging" 
or  "screaming"]  In  American  llteratxu'e). 

Erosive  burning.  Erosive  burning  Is  observed,  as  a  rule,  at  the 
Initial  Instant  of  engine  operation  and  primarily  In  structures  In 
which  the  magnitude  of  the  free  combustion-chamber  cross  section  Is 
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somewhat  greater  than  the  area  of  the  critical  section  of  the  nozzle. 
With  this  relationship  between  the  dimensions  of  the  flowthroiigh  sec¬ 
tions,  the  velocity  of  the  motion  of  the  products  of  combustion  along 
the  surface  of  the  grain  can  Increase  noticeably  and  attain  substan¬ 
tial  magnitudes  In  the  sections  of  the  nozzle.  With  sufficiently  high 
velocities,  a  local  Increase  In  bvirnlng  Intensity  Is  observed,  and 
this  acceleration  of  burning  Is  referred  to  as  erosive  burning. 

The  magnitude  of  the  linear  burning  rate  In  the  cross  sections  In 
which  erosive  burning  u^  takes  place  Is  proportional  to  the  local 
velocity  of  the  flow 

«:=»*(• +Mr).  (4.21) 

where  Is  the  rated  (calculated)  linear  burning  rate,  without  any 

consideration  of  the  effect  of  the  flow  of  products  of  combustion;  k^ 

Is  the  eroslve-bxornlng  coefficient;  w  Is  the  velocity  of  the  stream 

s 

(flow)  of  the  products  of  combustion  In  the  given  cross  section. 

The  physical  nature  of  the  appearance  of  erosive  burning  c£in  be 
presented  In  the  following  form.  Given  a  sufficiently  high  rate  of  gas 
flow  from  the  burning  svirface  and  con^ratlvely  small  dimensions  for 
the  flowthrough  sections,  a  local  Increase  In  static  presstu'e  In  the 
stream  of  the  products  of  combustion  and  an  Increase  In  the  velocity 
of  the  flow  Is  observed  at  the  nozzle  end  of  the  grain.  A  substantial 
Increase  In  velocity  results  In  the  appearance  of  a  nonsteady-state 
tvirbulent  boundaiy  layer  on  the  outer  surface  of  the  vapor-gas  cloud. 
An  Increase  In  static  pressvire  and  more  Intensive  heat  transfer  In  the 
zone  of  combustion  as  a  result  of  the  turbulent  mixing  of  the  vapor - 
gas  layers  results.  In  the  final  analysis.  In  an  Increase  In  the  local 
bvirnlng  rate.  A  quantitative  Increase  In  the  burning  rate  Is  deter¬ 
mined  by  the  sensitivity  of  the  kinetics  of  the  reactions  taking  place 
In  the  vapor-gas  and  the  powder  grain  to  a  change  In  pressvu>e  and  In 
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the  heat  flows  in  the  corresponding  phases  of  the  system. 

The  natwe  of  erosive  burning  Is  not  yet  sufficiently  clear,  and 
various  attempts  at  sla^jllfled  calculations  have  not  produced  any  sat¬ 
isfactory  results.  It  has,  nevertheless,  been  confirmed  that  the  de¬ 
termining  factors  resulting  In  erosive  burning  are  the  parameters  of 
the  stream  of  products  of  combustion  and  the  Intensity  of  heat  trans¬ 
fer;  In  addition.  It  has  been  established  that  erosive  burning  becomes 
noticeable  only  for  w  >  w*  ,  so  that  more  exactly 

o  o 

(4.22) 

where  w*  Is  the  maximum  velocity  of  the  products-of-combxistlon  flow, 

D 

at  which  the  erosion  effect  Is  not  observed. 

Wlmp]?ess*  and  Oreen**  found  that  for  a  powder  of  the  JPN  type  the 
quantity  Is 

=  0.00219  sec/m. 

Oeckler***  recommends  that  k^  be  assiuned  equal  to 

ky  =  0.00163  sec/m. 

Later  Investigations****  showed  that  the  coefficient  k^  Is  a  func¬ 
tion  of  the  velocity  of  the  flow;  the  following  n\jmerlcal  values  of  k^ 
were  obtained  here: 

k^  =  0.00245  sec/m  at  Wg  =  200  m/sec 

k^  ss  0.00225  sec/m  at  Wg  =  250  m/sec 

=  0.00214  8eo/m  at  =  350  Vsec 

(for  engine  pressures  up  to  80  kE^cm^). 

At  pressures  somewhat  In  excess  of  80  kg/cm^,  the  coefficient  k^ 
Increases  approximately  to  k^  »  0.003  sec/m  for  the  same  velocities. 

Flgiare  4.8  shows  the  cvirve  of  the  relative  Increase  In  burning 
rate  In  the  case  of  erosive  burning  as  a  function  of  the  velocity  of 
the  flow.  The  curve  was  obtained  for  a  powder  that  was  similar  In  com¬ 
position  and  properties  to  the  JPN  powder. 
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Pig.  4.8.  CTirve  of  relative 
Increase  In  burning  rate  due 
to  erosion  for  various  veloc¬ 
ities  of  the  stream  of  the 
products  of  combustion,  l) 
w  ,  m/sec. 


Pig.  4.9.  Curve  of  pressure  In 
engine  with  Intensive  erosion 
at  Initiation  of  combustion. 

1)  £*  kg/cm^;  2)  erosion  peak 
of  pressure;  3)  t,  sec. 


Plgure  4.9  shows  a  characteristic  curve  for  the  change  In  pres- 
svire  In  an  engine  In  the  case  of  Intensive  erosion  at  the  Initial  In¬ 
stant  of  burning. 

An  experimental  Investigation  of  erosive  burning  has  shown  that 
It  takes  place  only  at  the  beginning  of  the  bvirnlng  process  and  comes 
to  a  rapid  conclusion,  since  the  free  cross  section  quickly  Increases 
as  the  burning  continues.  Nevertheless,  erosive-burning  regimes,  as  a 
rule,  are  regarded  as  Intolerable  for  rocket  engines,  nils  Is  e:qplalned 
by  the  fact  that  the  appearance  of  an  extended  pressure  peak  which  ac- 
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companies  the  erosive  hxirnlng  regime  results  In  the  need  for  an  unjus¬ 
tified  Increase  In  the  thickness  of  the  coml3\istlon-chamher  walls,  l.e.. 
It  results  In  the  need  to  Increase  the  weight  of  the  engine,  and  this 
reduces  the  structiiral  and  operational  characteristics  of  the  power 
plant. 

Erosive  burning  can  be  eliminated  or  Its  effect  can  be  substan¬ 
tially  reduced  by  Increasing  the  Initial  free  cross  section  of  the 
combustion  chamber,  or  by  making  possible  am  Intervening  outflow  of 
the  products  of  combustion  throiigh  the  sides  of  the  combustion  chamber. 
A  pronounced  Increase  In  the  free  cross  section  would  not  be  desirable 
In  this  case,  since  this  would  result  in  a  reduction  of  charge  density 
and  an  Increase  in  engine  length,  whereas  a  method  of  side  outflow  Is 
associated  with  additional  losses.  Another  means  of  eliminating  the 
effect  of  erosive  burning  Is  the  restriction  of  the  Initial  burning 
svirface  so  that  the  calculated  (theoretical)  pressure  does  not  Immedi¬ 
ately  rise  to  Its  operating  values  after  Ignition.  In  this  case,  an 
Increase  In  pressure  as  a  result  of  erosive  burning  only  offsets  the 
pressure,  without  resulting  In  the  appearance  of  any  significant  peak.* 

Vibration  burning  (the  American  term  Is  resonant  bitt*nlng).  The 
phenomenon  of  vibration  burning  Is  more  complex  In  Its  physical  natvire 
and  conceals  great  dangers.  The  possibility  of  the  appearance  of  com¬ 
bustion  vibrations  determines  the  degree  of  engine  reliability,  as 
well  as  the  degree  of  reliability  for  the  entire  rocket. 

Vibration  combustion  (combustion  vibration)  In  a  solid-propellant 
rocket  engine  occvirs  as  a  result  of  the  dynamic  action  of  the  flow  of 
the  products  of  combustion  on  the  process  of  the  burning  of  the  operat¬ 
ing  charge.  As  a  result  of  this  Interaction  within  the  combustion  cham¬ 
ber  intensive  pressure  pulses  may  occxu*,  and  their  an^lltudes  some¬ 
times  become  commensxu'ate  with  the  nominal  values  of  the  operating 
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pressure.  The  presence  of  the  above-mentioned  pressure  pulses  Is  the 
primary  Indication  of  a  resonant-burning  regime. 

Despite  the  extensive  Investigations,  the  theoretical  statements 
with  respect  to  the  quantitative  relationships  governing  resonant 
(vibration)  b\irnlng  have  not  been  reliably  verified  to  the  present 
time  because  of  the  difficulties  that  arise  In  setting  up  the  corres¬ 
ponding  experiments.  Moreover,  the  very  diagram  of  the  mechanism  of 
the  excitation  and  development  of  unstable  combustion  vibrations,  said 
diagram  serving  as  the  basis  for  the  theoretical  Investigations,  Is 
essentially  hypothetical. 

The  clearest  picture  of  the  development  of  vibration  burning  at 
some  arbitrary  point  M  of  the  grain  surface  can  be  given  In  the  fol¬ 
lowing  form  (Pig.  4.10).  The  random  pressure  disturbance  whose  appear¬ 
ance  Is  associated  with  the  dynamics  of  the  nonsteady-state  flow  of 
the  products  of  combustion  extends  to  the  zone  of  solld-propellant 
combustion.  Let  the  pressure  pulse  due  to  this  dlstijirbance  be  repre¬ 
sented  by  the  curve  A.  The  adiabatic  compression  of  the  combustion 
zone  takes  place  under  the  action  of  this  pulse  and  as  a  result  the 
tenperatxire  and  density  of  the  layer  of  reacting  gases  Increase.  This, 
In  t\irn,  results  In  more  Intensive  heat  transfer  and  an  Increase  In 
the  rate  of  diffusion  between  the  volvimes  of  reacting  and  nonreacting 
gases.  In  summation,  the  chemical  rate  of  the  combustion  reaction  and 
the  pressure  In  the  zone  of  combustion  exhibits  pronounced  Increases, 
at  least  tenporarlly.  Under  certain  conditions,  this  can  result  In  the 
movement,  opposite  to  the  direction  of  the  flow  of  the  products  of 
combustion,  of  a  reinforced  pressure  wave  consisting  of  the  Initial 
wave  reflected  from  the  suu'face  of  the  grain  and  the  excess  pressure 
developed  In  the  combustion  zone  as  a  result  of  the  action  of  the  In¬ 
itial  wave  (cxjTve  B). 
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Pig.  4.10.  Evolution  of  pres¬ 
sure  pulse  as  It  Interacts 
with  the  hvirnlng  surface  of  a 
solid  propellant  In  the  case 
of  an  engine  tendency  to  vibra¬ 
tion  (resonant)  burning.  1) 

Plow  of  products  of  combustion; 
2)  surface  of  grain. 


The  pressure  wave  B  Is  propagated  within  the  cavity  of  the  com¬ 
bustion  chamber.  It  Is  reflected  from  the  other  surfaces,  and  returns 
to  the  Initial  point,  m  this  case.  If  the  retvirned  wave  C  Is  less  In¬ 
tense  than  the  Initial  wave,  the  pressvire  oscillations  at  the  point 
under  consideration  will  gradually  be  attenuated.  If,  however,  the 
parameters  of  the  ret;irned  (reflected)  wave  prove  to  be  higher  than 
those  of  the  Initial  disturbance  A,  the  oscillations  will  begin  to  In¬ 
crease.  In  this  case,  the  system  will  be  nonstable  for  those  frequen¬ 
cies  corresponding  to  the  frequency  of  the  rettirn  (reflection)  of  the 
reinforced  reflected  waves.  The  pressure  oscillations  will  Increase 
until  the  damping  or  nonllneau?lty  of  the  Increase  In  burning  Intensity 
prevent  any  further  Increase  In  vibration  aiiQ>lltude  or  until  the  com¬ 
bustion  chamber  blows  up. 

Local  changes  In  the  linear  b\a*nlng  rate  of  the  grain  are  the  ex- 
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ternal  indications  of  the  effect  of  resonant  burning;  these  result  In 
phenomena  such  as  the  so-called  grain  "bvirnouts. "  The  nature  of  the 
change  In  the  linear  burning  rate  In  the  case  of  vibrations  Is  a  func¬ 
tion  of  the  nature  of  the  propellant  and  certain  parameters  of  Interior 
engine  ballistics. 

In  accordance  with  experimental  data,  the  burning  rate  for  col¬ 
loidal  powders.  In  the  case  of  vibration,  on  the  average  diminishes 
with  low  operating  pressures  and  increases  with  high  operating  pres¬ 
sures.* 


Pig.  4.11.  Curve  of  pressure  In 
engine,  with  pressure  vibrations 
at  Instants  and  t^. 

l)  £>  kg/cm^;  2)  sec. 

Of  the  remaining  factors  which  affect  the  natvire  of  the  change  In 
the  burning  rate  on  the  appeeo'ance  of  vibrations  within  the  engine  we 
should  make  mention  of  the  operating  pressure  In  the  engine,  the  fre¬ 
quency  of  the  excited  vibrations,  the  tenperatvire  of  the  powder  charge, 
the  heating  value  of  the  powder,  etc. 

It  Is  Impossible  to  verify  the  quantitative  relationships  govern¬ 
ing  the  effect  that  the  above -enumerated  factors  have  on  the  linear 
burning  rate,  althoxjgh  It  has  been  established,  for  exanple,  that  low- 
heatlng-value  powders  and  powders  with  metallic  additives  stand  out 
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because  of  their  Increased  bvirnlng-rate  stability  In  the  case  of  ran¬ 
dom  pressure  vibrations  within  the  engine. 

It  Is  Interesting  to  point  out  that  pressure  vibrations  can  ap¬ 
pear  In  a  solid-propellant  rocket  engine  only,  as  a  rule,  at  certain 
Identical  and  completely  deterralred  Instants  of  burning  time  for  the 
given  engine,  and  these  are  functions  of  the  dimensions  of  the  Inner 
cavity  of  the  combustion  chamber  and  the  ballistic  parameters  of  the 
engine  (Pig.  4.11).  The  nature  of  the  vibrations  In  this  case  can 
change  from  experiment  to  experiment. 

An  experimental  Investigation  of  the  phenomena  associated  with 
the  vibration  (resonant)  burning  regimes  demonstrated*  that  the  pres¬ 
sure  oscillations  observed  within  the  chamber  generally  correspond  to 
a  certain  spectrum  of  sonic  frequencies.  In  this  case,  as  a  rule.  It 
becomes  possible  to  record  low  frequencies.  However,  the  appearance  of 
frequencies  of  the  order  of  50,000  cps  and  above  In  Individual  experi¬ 
ments  indicates  that  frequencies  up  to  10,000  cps,  the  frequencies 
most  frequently  encountered  In  practice,  by  no  means  encanpass  the  en¬ 
tire  spectrum  of  probable  pulsation  frequencies.  The  spectrum  of  stand¬ 
ing  pressure  waves  corresponds  to  the  spectrum  of  observed  vibration 
frequencies;  the  nodes  of  the  loops  of  these  standing  pressxire  waves 
may  either  be  stationary  or  they  may  wander  and,  as  a  rule,  they  do 
not  coincide  for  waves  of  various  tones.  In  this  case,  the  amplitudes 
of  the  oscillations  may  be  nonldentlcal  In  various  parts  of  the  cham¬ 
ber,  even  In  the  case  of  waves  of  one  and  the  same  tone.  Vibrations 
are  excited  generally  In  those  cross  sections  of  the  combustion  cham¬ 
ber  In  idilch  pressure-wave  loops  occur  (and  correspondingly.  In  which 
temperature-wave  loops  occur,  etc.). 

If  the  combustion  vibrations  release  heat  and  an  additional  quan¬ 
tity  of  gases  In  exact  phase  with  the  presstire  oscillations,  no  addl- 


tlonal  work  need  be  done  during  the  cycle.  If,  however,  the  combvistlon- 
vlbratlon  cycle  Is  delayed  with  respect  to  the  pressure  vibrations, 
additional  work  Is  carried  out  each  time  on  the  oscillating  gas  colvunn 
and  the  vibration  amplitude  Increases  particularly  Intensively.  In 
this  case,  the  wave  front  becomes  steeper  and  under  certain  conditions 
within  the  engine  the  pressure  wave  may  even  degenerate  Into  a  detona¬ 
tion  wave.  In  all  probability,  the  phase  shift  Is  a  function  simul¬ 
taneously  of  the  characteristics  of  several  processes  taking  place 
both  within  the  gaseous  products  as  well  as  within  the  solid  mass  of 
the  charge,  and  various  processes  may  play  the  most  Important  role  de¬ 
pending  on  the  type  of  propellant  vised  and  the  parameters  of  the  engine. 

Neglecting  the  possibility  that  the  engine  might  be  destroyed, 
some  of  the  energy  liberated  dvirlng  the  burning  of  powder  In  the  case 
of  resonant-bvirnlng  regimes  Is  expended  on  the  oscillation  of  the  col- 
vimn  of  products  of  combustion  and  Is  virtually  lost  In  the  combustion 
chamber.  It  Is  for  this  reason  that  the  development  of  effective 
methods  of  combating  vinstable  vibration  regimes  Is  of  such  Important 
practical  significance. 

No  vinlform  method  of  eliminating  the  appearance  of  vibrations  In 
an  engine  has  been  found  since  the  very  natvire  of  the  phenomenon  has 
not  been  studied  too  thoroughly.  Nevertheless,  as  a  result  of  experi¬ 
mental  Investigations  certain  measures  have  been  discovered,  and  these 
can  stabilize  the  burning  process  with  compeu?atlve  reliability  In  In¬ 
dividual  cases.  Among  these  measures.  In  the  opinion  of  foreign  spe¬ 
cialists,  the  following  are  the  most  effective. 

1.  The  design  of  a  combustion-chamber  cavity  for  an  engine.  In 
which  the  natural  frequencies  would  correspond  to  energy  excitation 
levels  substantially  In  excess  of  the  magnitude  of  energy  liberated 
per  vinlt  time  In  the  engine  as  a  result  of  the  bvirnlng  of  the  powder. 
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All  random  pressure  vibrations  are  quickly  damped  In  a  combustion 
chamber  of  this  type  and  do  not  result  In  substantial  disruption  of 
the  engine  operating  regime. 

This  method  did  not  find  widespread  application  In  the  practice 
of  the  design  of  solid-propellant  rocket  engines,  since  the  utiliza¬ 
tion  of  this  method,  as  a  rule,  results  in  the  reduction  of  the  struc- 
txoral  Indices  for  the  engine. 

2.  The  design  of  an  engine  In  accordance  with  a  diagram  In  which 
antinodes  of  standing  pressiire  waves  may  appear  In  the  random  develop¬ 
ment  of  vibrations  only  In  those  sections  in  which  there  Is  no  burning. 

3.  The  design  of  an  engine  In  which  provision  has  been  made  for 
the  damping  of  the  possible  vibrations. 

For  example,  viscous  friction  and  heat  removal  may  be  employed  In 
order  to  damp  the  vibrations  that  can  arise  within  ein  engine.  In  fact, 
the  intensity  of  the  vibrations  drops  markedly  If  It  becomes  possible 
to  produce  turbulence  in  the  stream  of  products  of  combustion,  and 
also  If  there  Is  a  sufficiently  large  heat-removal  svirface  In  the  re¬ 
gion  of  the  emtlnodes  of  the  presstire  waves.  The  turbulent  viscous 
friction,  which  absorbs  energy,  and  heat  removal  eliminate  the  source 
of  Increased  vibrations.  Naturally,  In  this  case  there  Is  a  pronounced 
Increase  In  the  Internal  losses  within  the  combustion  chamber. 

The  results  of  certain  gasdynamlc  Investigations  have  shown  that 
the  presence  of  suspended  particles  In  the  products  of  combustion  may 
be  an  effective  mesuis  of  dancing  the  oscillations.  These  conclusions 
were  conflzmed  In  practice.  Thus,  for  example.  It  was  established* 
that  such  Inclusions  as  carbon  (carbon  black),  aluminum,  and  Its  oxides, 
6md  similar  admixtures.  Introduced  Into  the  ccmiposltlon  of  the  grain 
in  the  form  of  a  fine  powder,  are  sufficiently  effective  In  blocking 
the  development  of  powerful  vibrations  within  the  engine.  Unfortiinately, 

-  138  - 


contemporary  concepts  of  the  mechanism  of  burning  and  Its  Interrela¬ 
tionship  with  pressure  vibrations  makes  It  Impossible  to  find  aiiy  gen¬ 
eral  principles  for  the  selection  of  these  "blocking"  additives,  and 
such  additives  are  being  sought  only  through  tedious  e:q)erlmentatlon. 

4.  If  the  burning  takes  place  only  at  the  sxirface  of  the  Inner 
grain  channel,  an  extremely  effective  means  of  stabilizing  the  burning 
process  Is  achieved  by  positioning  a  central  longitudinal  rod  made  of 
a  noncombustible  material  In  the  channel  or  by  fabricating  the  channel 
to  have  a  burning  siirface  with  a  noncircular  perimeter. 

The  mechanism  of  the  dancing  of  the  oscillations  through  the  In¬ 
troduction  of  a  central  rod  Is  not  yet  completely  clearj  however.  It 
Is  apparent  that  the  observed  effect  can  be  reduced  to  the  absorption 
of  the  vibration  energy  of  the  gas  column  as  a  result  of  the  resonance 
vibrations  of  the  rod  Itself. 

With  the  Introduction  of  a  central  rod,  the  structural  weight  of 
the  engine  Is  Increased  and  so  are  the  heat  losses  within  the  combus¬ 
tion  chamber. 

3.  We  were  able  to  establish  that  In  the  case  of  grains  biu'nlng 
along  the  surface  of  the  channel  and  along  the  outer  surface  (In  psu?- 
tlcular,  for  single -channel  cylindrical  grains),  combustion  stability 
Increases  If  small-bore  radial  holes  have  been  cut  Into  the  grain  cu¬ 
pola.  It  has  been  established  e3q)erlmentally*  that  the  optimum  diam¬ 
eter  of  these  stabilization  openings  Is  approximately  0. 30-0.43  of  the 
diameter  of  the  grain  channel,  and  the  maximum  distance  between  these 
Is  detezmlned  by  the  geometric  dimensions  of  the  lateral  cross  section 
of  the  grain  and  the  ballistic  characteristics  of  the  powder  being 
used.  It  has  also  been  established  that  the  system  of  radial  holes 
must  be  positioned  along  the  grain,  approximately  along  a  helical  line, 
so  that  adjacent  openings  exhibit  an  average  shift  of  120^  with  respect 
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to  one  another.  In  the  case  of  powders  exhibiting  a  heating  value 
ranging  from  950  to  1200  kcalAs*  the  optimum  distance  between  two  ad¬ 
jacent  holes  ranges  from  20  to  100  mm  for  grains  of  various  dimensions. 

The  Introduction  of  radial  holes  Introduces  virtually  no  change 
In  the  engine  characteristic  and  produces  only  some  additional  degres¬ 
sion  of  the  curve  p  =  p(t). 


"LfiKt/CM* 


Pig.  4.12.  Cvirve  of  pressiire  In  the  case 
of  Intermittent  bvirnlng.  In  an  engine 
with  an  operating  pressure  of  p  < 

1)  £*  kg/cm^j  2)  t,  sec. 

Intermittent  (an<analous)  burning.  Finally,  there  Is  another  anom¬ 
alous  bvirnlng  phenomenon  which  Is  observed  In  certain  solld-propellant 
engine  designs  and  this  Is  the  so-called  Intermittent  vunstable  burning. 
Here  we  are  dealing  with  operating  pressvires  that  are  below  a  certain 
critical  value  of  for  the  given  engine  design  at  which  the  bvirn- 

Ing  concludes  as  the  chemical  reactions  of  the  first  stage  of  the  gas- 
phase  oxidation  processes  alone  come  to  a  conclusion.  As  has  already 
been  stated.  In  this  case  only  a  part  of  the  thermal  energy  (corres¬ 
ponding  to  the  heating  value  of  the  given  powder)  Is  liberated.  This 
energy  may  not  be  adequate  to  support  continuous  bvu?nlng,  and  the  burn¬ 
ing  ceases.  However,  If  the  engine  had  an  opportvinlty  to  wazm  up  dur¬ 
ing  the  time  of  the  first  Ignition  and  If  the  Igniter  gases  remained 
In  the  combustion  chamber,  the  bvirnlng  may  resume  after  a  certain 
period  of  time  has  elapsed.  As  a  result,  we  observe  some  characteristic 
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"chugging,"  after  which  either  final  dangjlng  takes  place  or  an  vuistable 
burning  regime  Involving  powerful  low-frequency  vibrations  Is  estab¬ 
lished  (Pig.  4.12). 

In  order  to  eliminate  Intermittent  burning  It  becomes  necessary 
to  Increase  the  operating  pressure  In  the  combustion  chamber  or  to 
change  the  design  of  the  engine.  If  such  changes  are  undesirable,  on 
the  basis  of  any  considerations.  It  becomes  necessary  to  select  a  new 
powder  composition  which  would  provide  for  normal  burning  In  the  en¬ 
gine  at  the  selected  operating  pressure. 

§4.  THEORETICAL  BASES  FOR  THE  CALCULATION  OP  PRESSURE  IN  A  SOLID- 
PROPELLANT  ROCKET  ENGINE 

(Xirve  of  Pressige  Change  In  Engine  on  Combustion  of  Powder  Charge 

During  the  process  of  the  burning  of  the  powder  gaseous  products 
are  formed  and  these  fill  the  combustion  chamber,  producing  pressure. 
The  time  change  for  pressure  In  the  canbustlon  chamber  Is  one  of  the 
basic  operating  characteristics  of  the  engine  and  Is  obtained  In  the 
form  of  the  so-called  pressxire  curve  (Pig.  4.13). 

Several  characteristic  sections  can  be  Isolated  on  the  pressure 
curve  and  these  characterize  the  various  periods  of  engine  operation. 
The  Initial  pressure  required  for  reliable  burning  of  the  operating 
powder  charge  Is  built  up  In  the  engine  during  a  period  of  time  sec 
through  the  action  of  a  special  Igniter  consisting  of  a  pyrocartrldge 
and  weighed  portions  of  a  fast-burning  black  powder.  After  a  period  of 
sec  the  pressure  In  the  engine  attains  Its  theoretical  value;  how¬ 
ever,  as  a  rule,  afterwards  It  continues  to  Increase  for  some  time  and 
only  after  Xp  sec,  having  attained  maximum  values  (ejection  pres¬ 
sure),  does  It  begin  to  drop  to  Its  operating  level.  The  time  required 
for  the  final  establishment  of  the  pressure  Is  refexred  to  as  the  time 
of  engine  entry  Into  regime.  At  the  end  of  the  engine  operation,  upon 
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Pig.  4.13.  Characteristic  pressvire  curve 
for  a  solid -propellant  rocket  engine. 

T^)  The  time  required  to  build  up  to  the 

operating  pressure;  total  time  of 

transient  response  (entry  Into  regime) ; 

Tg  time  required  for  complete 

combustion  and  free  outflow  of  gases 
from  engine)  operating  preeeure  In 

combustion  chamber;  1)  p,  kg/cm  ;  2) 
ejection  pressure;  3)  the  case  of  combus¬ 
tion  "with  loop";  4)  t,  sec;  S)  time  of 
theoretical  burning  regime;  6)  total 
time  of  engine  operation. 


Fig.  4. l4.  Some  types  of  pressure  curves « 
encotuitered  In  solid-propellant  rocket 
engines  of  various  designations,  a)  Pro¬ 
gressive-burning  ciu've;  b)  degressive- 
burning  curve;  c)  curve  of  burning  with 
two  stages  of  thrust.  A,  Ag* 

and  Bg)  characteristic  points  on  the 

cxorve;  l)  kg/cm^;  2)  t,  sec. 


r 
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cessation  of  burning,  the  pressure  Is  rapidly  reduced  through  the  noz¬ 
zle  and  passed  Into  the  atmosphere.  Sometimes,  when  for  some  reason 
solid  grain  residue  remains  In  the  engine  upon  completion  of  the  burn¬ 
ing  process,  the  so-called  burning  "with  loop"  Is  observed,  and  here 
the  pressure  behind  the  point  B  drops  comparatively  slowly  and  follows 
no  particular  quantitative  relationship. 

The  phenomenon  of  burning  "with  loop,"  generally  speaking.  Is  un¬ 
desirable,  since  It  results  In  great  variation  In  velocity  at  the  end 
of  the  active  phase. 

In  addition  to  the  curves  shown  In  Pig.  4.13,  some  engines  yield 
curves  of  another  type  (Fig.  4.14).  However,  there  Is  no  basic  differ¬ 
ence  between  all  of  the  various  types  of  possible  bvirnlng  curves. 

TOie  Concept  of  the  Equation  of  Balance  and  Its  Application  to  the 
Calculation  of  Maximum  Pressvire 

The  pressure  produced  by  powder  gases  In  an  engine  and  the  nature 
of  the  change  In  pressure.  In  time,  are  determined  by  the  balance  be¬ 
tween  the  Influx  of  gases  from  the  burning  charge  and  the  flow  rate  of 
the  products  of  combustion  through  the  nozzle. 

In  general  form,  the  equation  of  balance  for  some  arbitrary  time 
t  can  be  expressed  by  the  following  relationship: 

AfrfAf^-Af.+AM, 

where  Is  the  per-second  lnfl\ix  of  gases  Into  the  engine;  M_  Is  the 
per-second  flow  rate  of  gases  from  the  engine;  Is  the  quantity  of 
gases  z*emalnlng  In  the  engine  In  addition  to  that  quantity  found  In 
the  engine  during  the  preceding  Instant  of  time;  Mq  Is  the  gas  mass  In 
the  combustion  chamber  at  the  Instant  of  time  t. 

If  we  assxime  that  the  powder  burns  In  parallel  layers  and  that 
the  grain  Is  physically  uniform,  we  will  have 
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where  y  Is  the  specific  weight  of  the  powder;  S^,  is  the  total  biirnlng 
surface;  u^^S^  is  the  volvune  of  grain  burned  within  1  sec. 

Completely  analogously,  for  the  flow  rate  of  the  gases  through 
the  nozzle 

where  pj^  is  the  gas  density  in  the  critical  section  of  the  nozzle 
(throat);  Wj^  is  the  velocity  of  the  gases  in  the  critical  section  of 
the  nozzle;  Oj^  is  the  area  of  the  critical  section  of  the  nozzle. 

The  gas  parameters  in  the  critical  section  (throat)  can  be  ex¬ 
pressed  in  terms  of  certain  gas-mixture  constants  and  in  terms  of  the 
parameters  of  the  products  of  combustion  in  the  combustion  chamber  of 
the  engine.  For  example,  for  we  will  have 

where  pQ  is  the  gas  density  in  the  combustion  chamber  of  the  engine; 
k  =  Cp/c^  is  the  index  of  the  combustion  process. 

If  we  assume  that  the  state  of  the  gases  in  the  engine  can  be 
described  by  the  following  equation 

and  if  we  bear  in  mind  that 


we  will  obtain 

’  (^*25) 

where  Pq  is  the  pressure  in  the  combustion  chamber;  R  is  the  gas  con¬ 
stant  of  the  products  of  powder  combustion;  Tq  is  the  temperature  in 
the  combustion  chamber. 

The  critical  velocity  is  determined  by  the  following  relationship 
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(4.26) 


If  we  substitute  (4.25)  and  (4.26)  Into  the  expression  for  the 
per-second  flow  rate  of  the  gases  through  the  nozzle,  we  will  find 


±L. 

KTt 


or  after  transformation 


(ihr  /ifr* 


(4.27) 


The  coefficient 


./ _2*_ 

Vin-i;  j/  k-\-i 


Is  approximately  constant  and  Is  referred  to  as  the  coefficient  of  ex¬ 
haust  discharge  (outflow)  and  for  various  flows  averages 

A  =  6-10  g/kg'sec. 


If  we  neglect  the  mass  Mq  of  the  gases,  which  was  found  In  the 
combustion  chamber  of  the  engine  prior  to  Initiation  of  combustion, 
the  equation  of  the  balance  of  the  gases  In  the  engine  during  the  time 
At  will  be  found  In  the  following  form  If  we  take  Into  consideration 
(4.23)  and  (4.27): 

lUjSi  A/ = AAI, 


Let  us  e3q>ress  the  mass  AM  In  terms  of  the  parameters  of  the  In¬ 
terior  ballistics  of  the  engine.  For  this  pvirpose,  let  us  examine  the 
equation  of  state  written  for  the  entire  volume  of  the  combustion  cham¬ 
ber: 

where  v'j^  g  Is  the  free  volume  of  the  combustion  chamber;  M  Is  the  gas 
mass  within  the  volume  ^  at  an  arbitrary  Instant  of  time  t. 
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In  accordance  with  this  equation,  the  change  In  the  mass  of  the 


gases  In  time  Is  determined  hy  the  derivative 


WIT  ^  ^  ^  ^  A)  j  *^c.c  rfjfc 

M  KTt/  RTf,  4t  4t  * 


l.e.,  for  At  It  amounts  to 


■^+— At 
\  ^0  RTt  4t  /  ^ 


(4.28) 


Now,  the  balance  eqviatlon  will  be 


(4.29) 


where  (pQ/RTQ)(dv'jj.  g/dt)  accounts  for  the  quantity  of  gases  used  to 
fill  the  volume  of  combustion  chamber  which  becomes  free  as  the  grain 
Is  consvimed;  (v'j^.  g/iiTQ)(dpQ/dt)  accounts  for  the  qxiantlty  of  gases 
used  to  Increase  the  pressure  within  the  volume  of  the  combustion 


chamber. 


Generally,  Eq.  (4.29)  Is  transformed  as  follows: 


(4.30) 


for  which  It  Is  enough  to  use 


which  Is  valid,  since  a  change  In  volume  Is  determined  only  by  the 
burning  up  of  the  powder  grain. 

In  the  form  of  (4.30),  the  balance  equation  Is  a  differential 
eqiiatlon  for  p  =  p(t).  Dlls  equation  Is  solved  most  slii9)ly  by  the 
methods  of  numerical  Integration,  for  idilch  It  Is  convenient  to  pre¬ 
sent  It  In  the  following  form 


[7«,(0&(<)(l— (4.31) 
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and  to  assvune  the  following  as  the  initial  data:  (p)q  Is  some  initial 
pressure;  (S2.)q  Is  the  initial  total  b\irnlng  surface;  A,  y,  fp  =  RTq, 

=  u(p)  are  characteristics  of  the  powder  used  in  the  engine; 
structural  peu?auneters  of  the  engine. 

The  pressure  at  any  kth  Instant  of  engine  operation  is  determined 
in  accordance  with  the  following  formula 

P»“Pik-i+Ap», 

where 


Pi”(P)o+Api. 


Equation  (4.30)  may  be  used  not  only  for  the  derivation  of  the 
curve  for  the  change  in  pressure  in  the  engine,  but  for  the  calcula¬ 
tion  of  the  magnitude  of  the  maximvim  pressure  In  fact,  the  con¬ 

dition  for  the  maxlmvun  of  the  fvinctlon  p  =  p(t)  will  be 


which  for  RTq  ^  0  and  v'j^.  ^ 


0  yields 


If  we  bear  in  mind  that  for  conventional  powders  y  »  1.6  g/cm^, 

RTq  »  85,000  kg-m/kg,  the  term  Pmay/YRTf^  «  Ptna-^/^36,000  of  Relationship 
(4.32)  at  pressures  ranging  from  100  to  150  atm  can  be  neglected  and 
can  be  used  in  sln^llfied  form: 

( 4 . 33 ) 

Prom  (4.33)  the  quantity  p__„  for  the  power  function  of  burning 

lUCUv 

Ui  =  Uj^p'’f(tQ)  is  defined  as  follows: 


and  for  the  linear  bvirning  function  u(ap  +  b)f(tQ) 


Pig.  4.15a.  The  nature  of  the 
relationship  between  the  burn¬ 
ing  rate  of  nltiraglycei^ne  pow¬ 
der  and  the  Initial  charge  tem¬ 
perature  at  p  s  const. 


Pig.  4.15b.  The  natiu'e  of  the 
relationship  between  the  operat¬ 
ing  pressure  In  the  engine  and 
the  Initial  temperature  of  the 
powder  charge. 

/»-..*= -r — n - — .  (4.34") 

—  — - - _i 

•1  £s/««r/(4) 

Since  the  expressions  for  the  calculation  of  p^^^  were  obtained 
by  using  the  empirical  formulas  for  the  burning  rate,  a  mathematical 
analysis  of  the  relationships  (4.34")  and  (4.34')  Is  difficult.  Nfever- 
theless,  we  may  arrive  at  the  conclusion  that  one  of  the  significant 
parameters  of  the  engine,  which  affects  the  quantity  p^^^.  Is  the 
ratio  of  the  burning  stirface  to  Cj^.  With  an  Increase  In  (S^/oj^)  the 
pressure  maximum  In  the  engine  Increases  smd  Relationship  (4.34")  In¬ 
dicates  directly  the  existence  of  some  limit  value  of  (S^/Oj^,)  at 
which  the  pressure  p^^  -►  «.  The  maximum  value  of  (Sj/oj^j,)  Is  deter- 
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mined  from  the  following  condition 


«T  5,/»iip/(/o) 

l.e.f  It  amounts  to 

("■35) 

^gnltude  of  Pressure  In  Combustion  Chamber  as  a  Function  of  Initial 
Charge  JemperatiS^ 

An  Important  feature  and  a  basic  serious  shortcoming  of  a  solld- 
propellant  rocket  engine  Is  the  strong  relationship  between  the  operat¬ 
ing  pressure  and  the  Initial  charge  tempera t^are.  This  relationship  Is 
explained  by  the  effect  that  the  Initial  temperature  of  the  charge  has 
on  the  burning  rate  of  the  powder  (Pig.  4.15a)  and  which  at  =  const 
results  In  significant  variations  In  thrust,  burning  rate,  etc.,  for 
various  temperatiore  conditions  of  engine  operation. 

Figure  4.15b  presents  a  characteristic  curve  which  Illustrates 
the  operating  pressvire  In  the  combustion  chamber  of  the  engine  (operat¬ 
ing  on  solid  propellants)  as  a  function  of  the  Initial  temperature  of 
the  powder  charge.  We  can  see  from  the  curve  that  In  the  tenqperature 
Interval  of  the  pressure  In  the  engine,  and  consequently,  the 

magnitude  of  thrust,  can  change  by  a  factor  of  almost  two,  and  this 
will,  of  course,  result  In  a  reduction  of  the  combat  and  operational 
characteristics  of  the  weapon. 

Formulas  (4.34')  and  (4.34")  make  It  possible  to  obtain  the  rela¬ 
tionship  between  the  pressure  and  the  tenQ)erature  of  the  charge  In  ex¬ 
plicit  form. 

In  fact,  with  a  power  burning  function  for  a  certain  charge  tem¬ 
perature  we  will  have 


Pu 


I  «iT/W  j 
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and  for  t  =  +20^C 


Ah,  I 


whence 


•VifMS,  -jT=; 

Aft  _ 

P*tr  •I’th 

l.e.,  taking  Into  consideration  (4.20) 


(4.36') 


Accordingly,  for  the  case  of  a  linear  bvirnlng  fvinctlon 


S|/%*/(4) 


_ I 

A  1  »m 


A  I  m 

*1  S,IH,  ”  * 


Prom  the  last  we  will  determine 


A  !  ^  1  *  ■ 

h  ^+jr  *  P+w 

and,  substituting  this  expression  Into  the  formula  for  p.  ,  we  will 

'o 

obtain 

- — ! - , 

*+‘*’^+*r  I  ^  *+"j'^*irn— /(4)1 

7<W”T 

which  yields  the  following.  If  we  take  Into  consideration  (4.20) 

a.  _ _ _ _  /  I,  \ 


20*)-  —,^^<4-30') 


{4.36") 


It  sometimes  beccmtes  necessary  to  assume  the  pressure  for  a  cer¬ 
tain  tenders t\ire  tQ,  but  not  In  accordance  with  Its  valvie  at  tQ  »  +20®C, 
but  In  accordance  with  Its  value  at  the  lowest  extreme  tenqperatxu'e. 
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l.e.,  tQ  =  -40°C.  Corresponding  calculation  relationships  are  easily 
obtained  from  the  relationships  presented  above.  We  will  present  these 
without  drawing  any  conclusions: 


^  l*r-(A»~20*)J  • 


A.  =/'-«• 


20*)+ 


(4.37') 

(4.37") 


In  analogy  with  the  relationship  between  the  initial  temperature 
of  the  charge  and  the  linear  burning  rate  of  the  powder,  the  relation¬ 
ship  between  temperattire  and  pressure  Is  frequently  given  by  means  of 
the  so-called  temperatvire  pressure  gradient,  which  Is  Introduced  In 
the  following  form 


J-J£. 


using  this  to  characterize  the  relative  Intensity  of  the  pressure  In¬ 
crease  In  the  engine  with  some  change  In  the  Initial  temperature  of 
the  charge.  If  we  use  (4.36')  and  (4.36"),  we  will  obtain  the  follow¬ 
ing  for  the  corresponding  burning  fiinctlons: 


1 


-J-J£ - 

g,  l+T-Z+ir 


/+ir  ^ 


(4.38*) 

(4.38") 


We  can  see  from  these  formulas  that  the  sensitivity  of  pressuro 
to  changes  In  temperature  Is  all  the  greater  the  higher  the  tenqiera- 
ture  and  the  greater  the  pressure  In  the  engine. 

Formula  (4.38')  makes  It  possible  to  establish  a  direct  link  be¬ 
tween  the  teiiq)erature  pressure  gradient  and  a  change  In  the  burning 
rate : 

t  I  /  I  rf«\ 

Z+ir  '**•/’ 


(4.39) 
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where  use  Is  made  of 


1  ^  1 
*+so’  Bf— )' 

If  we  bear  In  mind  that  v  =  2/3-3 A ^  we  will  see  that 

_i_^=(3^4)_i - ii., 

B+so*  *+»• 

l.e.,  with  a  change  In  the  Initial  temperatvire  of  the  charge,  pressure 
changes  substantially  more  Intensively  than  does  the  burning  rate  of 
the  powder. 

The  temperature  pressure  gradient  d(ln  p)/dt_  for  certain  powders 
amounts  to: 

for  JP  powder  —  0.0126; 
for  JPN  powder  —  0.0162; 

for  ALt-l6l  composite  powder  (propellant)  —  0.0036; 
for  British  perchlorate  powder  —  O.OO38. 

The  development  of  variable  (controlled)  nozzles  or  the  utiliza¬ 
tion  of  demovintable  nozzle  assemblies  are  the  only  ways  of  stabilizing 
the  parameters  of  Interior  ballistics  In  the  given  temperature  Inter¬ 
val  of  rocket  operation.  Consequently,  a  reduction  or  an  Increase  In 
the  area  of  the  critical  section  of  the  nozzle  (throat)  with  minus  or 
plus  temperatures,  demountable  or  variable  nozzles  make  It  possible  to 
maintain  the  approximate  constancy  of  pressure  within  the  given  tem¬ 
perature  Interval.* 

The  limited  utilization  of  these  two  methods  Is  explained  by  the 

fact  that  the  design  of  variable,  and  particularly  of  automatically 

variable,  nozzles  Is  associated  with  certain  difficulties,  and  the 

utilization  of  demoxintable  nozzles  reduces  the  mobility  of  the  weapon. 

Sensitivity  of  Maximum  Pressure  to  Changes  In  Charge  and  Engine 
Parameter^ 

The  following  e^^resslon  Is  referred  to.  In  mathematics,  as  the 
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sensitivity  of  the  function  y  =  f(x)  to  Its  argument  (the  logarithmic 
derivative) 


4L 


X 


The  quantity  e  characterizes  the  relative  change  of  the  function 
for  some  relative  change  In  the  argiunent.  It  Is  easy  to  check  that  the 
sensitivity  of  the  exponential  function  y  =  x”  Is  equal  to  the  exponent: 

djx*)  wjc— 

Jf* 

e-= — ^ - == - 

dx  dx 

X-  X 

Let  us  use  the  concept  of  the  sensitivity  of  the  function  to  Its 
argument  to  Investigate  the  features  of  engines  operating  on  solid 
propellants. 

In  accordance  with  (4.34')  the  maximum  pressure  In  the  combustion 
chamber  of  the  engine,  for  a  given  powder.  Is  the  fiinctlon  having  the 
following  parameters 

where  and  tQ  are  the  parameters  of  the  powder  charge;  Cj^  Is  the 
structural  pentameter  of  the  combustion  chamber. 

Since  this  function  Is  e3q>onentlal 


•  _  r  •iiSi/C4) 

'•“"I  ^  J  • 

Its  sensitivity  to  a  change  In  the  corresponding  parameters  In  the 
charge  In  the  engine  will  be  equal  to  the  ej^onent,  l.e.. 


40mm  _  X 

0mm  " 

.  ^  ' 

or.  In  finite  differences 


-^1 

*K(4H1 

l«. 

/w  i 

(4.40') 


One  of  the  features  of  the  operation  of  a  solld>propellant  rocket 
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engine  is  the  high  sensitivity  of  the  maxliniun  pressure  within  this  en¬ 
gine  to  changes  In  the  parameters  for  the  charge  and  the  engine.  In 
fact,  since  for  contemporary  powders  v  =  2/3-3/^, 

Pwm  I  Si  •»»  '  /«•)  J 

For  a  linear  burning  function  the  sensitivity  of  pressure  to  a 
change  In  the  corresponding  parameters  Is  most  easily  found  If  we  ap¬ 
proximate  the  linear  function  of  some  power  function  In  accordance 


with 


ap-irb=^UiP\ 

dp  *p 


Prom  the  last  equation 


a=«,  = 


after  which  It  Is  easy  to  obtain 


~  »• 

B,V 


• _ _ _ 

’  +  *  7  /  ’ 


•1/ 

whence  v  Is  determined  In  the  following  form; 


«/  +  * 

Thus  over  a  small  Interval  of  changes  In  pressure  the  linear 
bvirnlng  function 

caul  be  replaced  by  the  power  function  of  the  following  form 

For  the  approximate  fxinctlon,  the  sensitivity  of  pressure  Is  de¬ 
fined  as 

I 

^  t 
1-^ 


l.e..  It  amounts  to 
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Thus>  for  the  linear  hvirnlng-rate  fxmctlon  of  the  powder 


Am.  »  Is,  V  ^  J  ^  ^ 

It  follows  from  (4.4o'*)  that  the  sensitivity  of  the  maximum  pres- 
s\ire  to  changes  In  the  parameters  of  the  charge  and  the  engine  Is  a 
function  not  only  of  the  properties  of  the  powder  but  of  the  absolute 
pressure  In  the  engine  as  well. 

In  actual  practice  It  Is  desirable  to  have  an  engine  exhibiting 
low  sensitivity  of  pressure  within  the  combustion  chamber  to  changes 
In  the  charge  and  engine  parameters,  since  In  this  case  the  engine 
characteristics  would  be  more  stable.  Relationships  (4.40')  and  (4.40") 
Indicate  that  In  order  to  achieve  this  situation  It  Is  necessary  to 
operate  at  low  pressvires  eind  to  have  powders  exhibiting  minimum  coeffi¬ 
cients  V  and  burning-rate  f tine t  Ions  a/b. 

Stability  of  Steady-State  Pressure  In  the  Combustion  Chamber 

Under  certain  conditions,  steady-state  pressure  p^^  In  the  com¬ 
bustion  chamber  of  a  solid-propellant  rocket  engine  exhibits  the  prop¬ 
erty  of  stability,  l.e.,  presstire  Is  maintained  constant  for  the  case 
of  random  pressure  oscillations. 

The  mechanism  of  stability  for  steady-state  pressure  Is  obvious 
from  Fig.  4.16.  From  the  curves  shown  In  this  figure  we  can  see  that 
at  pressux^s  p  <  p^^,  the  Inflvix  of  gases  from  the  powder  grain  ex¬ 
ceeds  the  flow  rate  (outflow),  whereas  In  the  case  P  >  Pflt*  ”  -  >  **+• 
This  results  In  the  fact  that  In  the  case  of  a  randcan  pressure  drop  In 
the  engine,  the  excess  Influx  of  gases  again  raises  the  pressure  to 
Pst«  vice  versa.  In  the  case  of  a  random  presstire  rise,  the  flow 
rate  (outflow)  Increases  substantially  more  Intensively  than  does  the 
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Fig.  4.16.  Curves  which  explain  the  mechanism 
of  the  stability  of  steady-state  pressure  in 
the  combustion  chamber  of  a  solid-propellant 
rocket  engine,  a)  In  the  case  of  the  power 
burning -rate  function  u^  =  u^^p;  b)  In  the  case 

of  the  linear  burning -rate  function  u^^  =  ap  + 

+  bj  26)  the  Interval  of  possible  preisure  os¬ 
cillations. 


P 


Pig.  4.17.  Relationship  M_  = 

=  M(p)  for  engines  with  varl- 
ous  Oj^.  1)  Increase  In 

inflow,  and  the  excess  pressvire  Is  dissipated,  so  that  an  operating 
pressure  equal  to  p^^  Is  established. 

As  we  can  see,  the  existence  of  steady-state  pressure  and  its 
stability  is  wholly  determined  by  the  natia*e  of  the  relationship  be¬ 
tween  pressure  emd  and  M_. 

In  accordance  with  (4.27)  and  the  remarks  made  with  respect  to 
the  outflow  coefficient 

=  (6-10)  10"3  Po'^kr 

l.e.,  the  character  of  M_(p)  is  virtually  a  function  only  of  the  dimen¬ 
sion  of  the  critical  section  of  the  engine  nozzle  (throat) j  for  various 
^kr'  equation  is  satisfied  by  the  family  of  curves  shown  In  Pig.  4. 1"/ 
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The  Inflow  of  gases  Is  determined  by  the  following  relationship: 

l.e..  It  will  be  =  yS^.u^p'*  for  the  power  burning -rate  function  and 
=  YS2(ap  +  b)  for  the  linear  bxirnlng-rate  function. 

In  both  cases,  the  form  of  the  functional  relationship  =  M(p) 
Is  determined  by  the  relationships  between  the  coefficients  In  the 
b\irnlng-rate  fxanctlon  for  the  powder. 

Two  families  of  curves  correspond  to  the  equation 

M^=lS^,pr>mk/r; 

the  first  family  for  v  <  1,  and  the  second  family,  for  v  >  1  (Pig. 
4.18).  A  comparison  of  the  curves  M_j_  =  M(p)  for  the  power  burning -rate 
function  of  the  powder  with  the  outflow  characteristic  M_  =  M(p)  for 
the  given  engine  Indicates  that  In  the  case  of  either  v  <  1  or  v  >  1 
there  exists  a  point  which  corresponds  to  a  steady- state  regime  of  en¬ 
gine  operation.  However,  this  point  exhibits  the  property  of  stability 
only  In  the  case  of  v  <  1.  In  fact,  we  can  see  from  Pig.  4.19  that 
when  V  >  1,  the  mutual  relationship  between  M^(p)  and  I^(p)  Is  such 
that  In  the  case  of  a  random  change  In  pressvire,  the  system  will  tend 
to  Increase  the  difference  so  that  In  the  final  analysis  the  pressxu'e 
will  either  fall  or  Increase  without  limit. 


•>» 


Pig.  4.18.  Relationship  = 

=  M(p)  for  powders  with  a 
power  bumlng-rate  function. 


Pig.  4.19.  Instability  of 
steady-state  pressiire  In  an 
engine,  for  v  >  1. 

Thus  the  steady-state  pressvire  In  the  combustion  chamber  of  a 
solid-propellant  rocket  engine  exhibits  the  property  of  stability  If 
the  exponent  v  In  the  biirnlng-rate  function  of  the  powder  Is  less  than 
one  (v  <  1). 

We  can  see  from  Pig.  4.20  that,  all  other  conditions  being  eqxial, 
the  absolute  magnitude  of  the  steady-state  pressiire  Is  all  the  lower 
the  lower  the  absolute  value  of  v. 

In  the  case  of  a  linear  bvu?nlng-rate  function,  the  curves  for  the 
Inflow  of  gases  form  the  family  shown  In  Pig.  4.21.  Only  the  cvirves 
with  a  >  0,  In  this  family,  have  any  real  meaning.  In  the  case  of  a  =  0 
we  will  be  dealing  with  an  Ideal  powder  whose  burning  rate  Is  not  a 
fxmctlon  of  pressvire,  whereas  In  the  case  of  a  <  0  we  will  be  dealing 
with  a  powder  whose  burning  rate  must  be  diminished  as  pressure  In¬ 
creases,  and  this  Is  In  poor  agreement  with  the  adopted  hypotheses  on 
the  mechanism  of  the  burning  rate  as  a  fvinctlon  of  pressvire,  and  more¬ 
over  this  Is  never  observed  in  practice. 

It  follows  from  Pig.  4.22  that  steady-state  pressvire  In  the  com¬ 
bustion  chamber  Is  lower,  the  lower  the  coefficient  a  (or  the  ratio 
a/b)  in  the  burning-rate  function  of  the  powder,  and  that  there  exists 
a  certain  limit  steady-state  pressure  p*g^  such  that  for  p  >  en¬ 

gine  operation  Is  Impossible.  With  a  given  brand  of  powder,  steady- 


state  pressxare  Is  a  function  of  the  shape  of  the  flow-rate  (outflow) 
engine  characteristic;  there  exists  a  certain  limit  steady-state  pres¬ 
sure  at  which  It  corresponds,  even  In  this  case,  to  conditions  under 
which 


Jm _ ^ 

•«p  «T/«t)  * 

and  this  has  already  teen  obtained  earlier  (4.35). 


Fig.  4.20.  Magnitude  of  steady- 
state  pressure  as  a  function 
of  the  exponent  In  the  burning- 
rate  function  for  the  powder. 

V,  v",  V'")  are  the  values  of 
the  ej^onent  In  the  bvirnlng- 
rate  function;  P'g^»  P"st* 

and  P'"g^)  are  the  correspond¬ 
ing  steady-state  pressures. 


Fig.  4.21.  Relationship  — 

s  N(p)  for  powders  having  a 
linear  b\irnlng-rate  function, 
a  and  b)  coefficients  of  the 
linear  burning-rate  function. 
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Pig.  4.22.  Magnitude  of  steady-state  pressure 
as  a  function  of  the  coefficients  of  the  lin¬ 
ear  burning-rate  function  and  the  structural 
features  of  the  engine,  a)  The  case  In  which 
various  powders  are  utilized;  b)  the  case  of 
burning  In  engines  exhibiting  various  flow- 
rate  characteristics. 

In  the  final  analysis,  we  come  to  the  conclusion  that  stability 
of  steady-state  pressure  In  the  engine  Is  a  function  of  the  relation¬ 
ship  of  several  charge  and  engine  parameters  and  of  the  properties  of 
the  brand  of  powder  selected.  For  stability  of  steady-state  pressure 
Pst  ratio  between  the  magnitude  of  the  total  burning  siirface  of 
the  charge  and  the  area  of  the  critical  section  of  the  nozzle  should 
not  exceed  a  certain  limit  value  and  the  coefficients  v  and  a/b  of  the 
burning -rate  function  for  the  powder  should  be  as  small  as  possible, 
and  that  In  any  event  the  following  conditions  should  be  satisfied: 

V  <  1, 

a/b  <  1. 

Selection  of  Operating  Presswe  In  Engine 

The  relationship  between  the  nature  of  combvistlon  and  the  burning 
rate  of  the  working  charge  and  the  pressure  within  the  combustion 
chamber  Indicates  that  essentially  pressure  within  the  combustion  cham¬ 
ber  Is  a  p6u?ameter  which  wholly  determines  the  operation  of  a  solld- 
propellant  rocket  engine,  since  the  burning  of  the  powder  may  be  re¬ 
garded  as  a  basic  process  within  the  engine.  Therefore,  the  designation 
of  a  magnitude  for  the  operating  pressvire  In  the  combustion  chamber  Is 
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one  of  the  most  Important  points  In  the  design  of  a  solid -propellant 
rocket  engine.  In  the  selection  of  the  operating  pressure  we  encounter 
a  great  many,  frequently  contradictory,  requirements,  so  that  It  Is 
virtually  Impossible  to  propose  some  general  method  for  the  selection 
of  the  optimum  operating  pressxire.  The  magnitude  of  the  operating  pres¬ 
sure  must  be  selected  each  time  for  specific  conditions  as  given  by 
the  tactical-technical  requirements.  Isolating  the  group  of  require¬ 
ments  which  Is  most  Important  for  the  given  case.  The  basic  concepts 
for  the  selection  of  the  operating  pressure  can  be  formulated  In  the 
following  form: 

1)  the  operating  pressure  must  exceed  some  maximum  value  of  P*mln 
In  order  to  guarantee  stable  and  uniform  combustion  of  the  working 
powder  charge  at  given  charge  temperatures; 

2)  the  operating  pressure  must  be  sufficiently  high  If  the  engine 
Is  to  attain  a  comparatively  high  specific  Impulse; 

3)  with  an  Increase  In  operating  pressure  the  required  structural 
weight  of  the  power  plant  also  Increases,  and  this  reduces  the  effi¬ 
ciency  of  the  engine,  even  If  the  ballistic  characteristics  £u?e  great; 

4)  If  It  Is  necessaiy  to  provide  for  a  definite  time  of  burning 
In  the  case  of  limited  engine  dimensions,  the  pressure  Is  selected  so 
as  to  have  a  burning  rate  that  corresponds  to  this  pressure,  thus  mak¬ 
ing  It  possible  to  attain  the  given  engine  operating  time; 

5)  the  thrust  of  the  rocket  engine  Is  directly  proportional  to 
the  pressvo'e  In  the  combustion  chamber;  therefore.  If  the  magnitude  of 
thrust  Is  uniquely  defined.  It  becomes  necessary  to  select  a  pressure 
for  which  consideration  has  been  given  to  Its  effect  on  the  thrust. 

The  lower  boimdetry  of  permissible  pressure.  The  tendency  of  a 
solld-propellant  engine  to  anomalous  Intermittent  burning  In  the  region 
of  low  pressures  requires  that  an  operating  pressvire  be  designated  In 
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excess  of  a  certain  determined  experimentally  for  each  powder 

composition.  As  has  already  been  Indicated,  for  the  majority  of  rocket 
colloidal  powders,  the  qviantlty  p*^^^  averages  15-35  atm. 


Pig.  4.23.  Lower  boiindary  of 
permissible  pressure  In  an  en¬ 
gine  for  one  of  the  colloidal- 
type  powder  compositions.  1) 

to  =-20°C;  2)  to  =  +20°C;  3) 
to  =  +60°C;  a)  region  of  pres¬ 
sures  providing  for  stable 
burning  of  a  powder  of  a  given 
brand. 


In  design  practice  and  the  testing  of  solid-propellant  rocket  en¬ 
gines  we  observe  cases  In  which  Intermittent  burning  took  place  even 
at  pressures  In  excess  of  ^*mln'  These  facts  proved  mysterious  for  a 
long  period  of  time  and  were  regarded  as  chauice  occurrences.  However, 
a  more  careful  examination  of  the  cases  of  anomalous  burning  at  pres¬ 
sures  of  p  >  made  It  possible  to  establish  that  the  lower  bound¬ 

ary  of  operating  pressures  Is  a  strong  function  of  the  conditions  of 
powder  Ignition  2uid  the  structijral  featvires  of  the  charge  In  the  en¬ 
gine.  The  basic  factors  which  determine  the  true  »  f  (the  operat¬ 

ing  conditions  of  an  actvial  engine),  were  the  Initial  temperature  of 
the  charge  and  the  ratio  between  the  total  burning  surface  of  a  work¬ 
ing  charge  and  the  magnitude  of  the  free  cross  section  of  the  combus- 
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tlon  chamber.  It  was  established  that  at  low  charge  ten^erat\ires« 
higher  operating  pressiu'es  are  needed  for  nozmial  bxu'nlng  In  an  engine 
and  for  engines  exhibiting  high  values  of  the  parameter  the 

permissible  p*^^^  Increases  sharply  (SgQj,  Is  the  burning  surface, 

Is  the  free  cross  section  of  the  combustion  chamber). 

Thus  for  the  given  brand  of  powder  the  lower  boundary  of  permis¬ 
sible  operating  pressures  must  be  determined  by  taking  Into  considera¬ 
tion  the  given  temperature  Interval  of  engine  operation  and  the  struc¬ 
tural  featiu'es  of  the  engine: 


For  practical  calculations  It  Is  convenient  to  make  use  of  spe¬ 
cial  ciiTves  which  delineate  the  region  of  pressvires  which  gviarantee 
the  continuous  burning  of  a  powder  of  a  certain  brand  In  a  specific 
engine  for  various  relationships  between  the  dimensions  of  the  charge 
and  the  combustion  chamber.  These  cvirves  are  constructed  on  the  basis 


of  data  obtained  In  special  tests  of  powder  for  various  t^  and 
^gor^^sv'  curves  being  parabolic  In  shape  as  shown  In  Pig.  4.23. 

We  can  see  from  Pig.  4.23  that  If  the  designs  of  the  charge  and 


the  engine  are  known,  l.e..  If  the  ratio  ^^Qj/^gy  is  known,  then  for 
the  given  temperatvire  Interval  (tQ  „,■! t^^  the  pressure  Is 
uniquely  defined  as  the  point  of  Intersection  between  the  ordinates 


! 

i 

I 


corresponding  to  the  given  ^gQj/^gy  the  ciirve  for  tQ  It  should 

be  borne  In  mind  that  the  ratio  Sg^^/Pg^  changes  with  time  and  here, 
as  a  rule.  It  also  diminishes.  This  results  In  a  situation  In  which. 

If  a  certain  pressure  has  been  selected  so  as  to  assure  continuous 
burning  for  as  the  burning  of  the  charge  continues  the 

stability  conditions  are  not  disrupted. 

A  more  general  case  for  the  design  process  of  a  solld-propell&mt 
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rocket  engine  is  the  case  in  which  the  quantity  can  be  made 

to  vary.  In  this  case,  as  can  be  seen  from  Pig.  4.23,  there  exists  a 
multiplicity  of  points  which  provide  for  conditions  of  stable. burning. 
If  no  additional  requirements  are  Imposed  on  the  magnitude  of  the 
operating  pressure,  then  of  these  points  It  Is  e^^edlent  to  examine 
those  points  along  the  boundary  of  the  region  of  stable  burning,  said 
points  corresponding  to  the  minlmvim  temperature  of  the  given  ten^era- 
ture  range  of  engine  operation.  In  this  case,  the  problem  Is  to  select 
a  certain  optimum  pair  (p»^.,„,  Sgor/^sv^* 

For  field  reaction-thrust  su?mament,  one  of  the  basic  characteris¬ 
tics  of  efficiency  Is  the  maxlmxmi  range  of  missile  flight,  which  for  a 
certain  given  weight  Is  determined  by  the  velocity  of  the  missile  at 
the  end  of  the  active  phase  of  the  trajectory  and  by  some  secondary 
parameters. 

An  analysis  of  Tslokovskiy ' s  formula 

where  u^  Is  the  gas -exhaust  velocity;  q^  Is  the  passive  weight  of  the 
rocket,  shows  that  the  maximum  velocity  of  the  missile,  which  deter¬ 
mines  Its  effective  range.  Is  the  greater  the  smaller  the  structural 
weight  of  the  missile  (at  <>)  =  const).  On  the  other  hand,  we  can  see 
from  the  design  of  a  solid-propellant  reaction-thrust  missile  that  the 
basic  part  of  the  stznictiu*al  weight  Is  the  weight  of  the  rocket  ccmi- 
bustlon  chamber,  and  the  latter  In  turn  Is  determined  by  the  thickness 
of  the  combust  Ion -chamber  walls  and  the  length  of  the  chamber  Itself. 
Consequently,  In  order  to  Increase  the  maximum  velocity  of  the  missile 
It  Is  necessary  to  make  the  combustion  chamber  so  as  to  have  a  minimum 
wall  thickness  and  a  minimum  length. 

The  thickness  of  the  walls  In  the  combustion  chamber  are  selected 
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on  the  basis  of  combustion-chamber  strength  under  the  action  of  a 
given  pressure  within  the  engine;  In  this  case,  to  make  an  engine  with 
walls  of  minlmian  thickness  It  Is  necessary  for  the  working  pressvire  In 
the  engine  to  be  at  a  minimum. 

The  length  of  the  combustion  chamber  Is  determined  primarily  by 
the  length  1^^^  of  the  powder  grains.  The  latter,  with  a  given  total 
powder  weight  w,  amounts  to 

where  y  Is  the  specific  weight  of  the  powder;  n^j^s^  Is  the  area  of  the 
lateral  cross  section  of  the  charge  consisting  of  n^j^  grains,  with  a 
butt-end  area  of  s^  for  each  grain. 

It  Is  evident  that  for  a  combustion  chamber  with  an  Inside  diam¬ 
eter  Dj^ 

mj.  _ p 

l.e. , 


We  can  see  from  the  formula  that  at  <•>  =  const  and  a  given  diameter 
for  the  Inner  cavity  of  the  combustion  chamber,  the  length  of  the  pow¬ 
der  grain  Is  all  the  smaller  the  lower  the  magnitude  of  l.e.,  the 

greater  the  ratio  Therefore,  In  order  to  obtain  an  engine  of 

minimum  length  It  Is  necessary  to  assimie  a  high  value  for  the  ratio 
®gor/^sv  ^  design  stage. 

Th\is  the  greatest  velocity  at  the  end  of  the  active  phase  would 
be  exhibited  by  missiles  designed  so  as  to  have  the  lowest  possible 
operating  pressures,  and  further  designed  so  as  to  exhibit  the  highest 
possible  parameter 

However,  In  the  case  of  such  a  missile,  as  can  be  seen  frcmi  Pig. 


4.23,  the  process  of  the  burning  of  the  propellant  would  be  \instable, 
since  the  operating  point  M  of  the  process  would  be  situated  In  the 
unstable  region. 

It  follows  from  what  has  been  said  above  that  with  the  selected 
brand  of  powder  (or  the  brand  of  powder  stipulated  In  the  tactical- 
technical  requirements)  the  minimum  possible  pressxire  In  the  combustion 
chamber  Is  estimated  on  the  basis  of  the  conditions  which  specify  that 
the  missile  exhibit  adequate  velocity  at  the  end  of  the  active  phase 
of  the  trajectory  and,  consequently,  exhibit  the  required  flight  range. 

A  practical  evaluation  of  the  minimum  permissible  pressure  can  be 
reduced  to  the  following.  Several  palre  are  aaauiaed 

on  the  curve  which  delineates  the  region  of  unstable  burning  for  the 
given  brand  of  powder; 

( /Ciia* 


For  each  of  these  pairs  of  parameters  the  required  wall  thickness 
5  of  the  engine  Is  calculated  (according  to  presstire)  and  the  required 
length  of  grain  and  engine  Is  determined  (In  accordance  with  the  ratio 

®gor^sv^  * 

In  conclusion,  some  pair  of  dimensions  ( 5,1)  will  correspond  to 
each  pair  (p*nny,,  ^gor^^sv^*  these  dimensions  will  determine  the 
weight  of  the  combustion  chamber.  Those  values  of  and 

are  selected  for  which  the  weight  of  the  engine  will  be  at  Its  mlnlmimi. 
The  and  selected  In  this  manner  can  be  corrected  later 

on;  In  this  case,  the  pressvire  can  be  Increased  somewhat.  If  ^*mln 
falls  to  provide  the  required  magnitude  of  engine  thrust  or  specific 
Impulse,  or  Sgor/^sv  changed  In  order  to  obtain  the  required 

over-all  missile  parameters. 
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Pig.  4.24,  Means  of  stabiliz¬ 
ing  biarnlng  at  the  initial  in¬ 
stant  of  engine  operation.  1) 
Restriction  of  bxirnlng  svirface 
at  initial  instant,  by  coating 
the  charge;  2)  Increase  of 
pressxire  at  Initial  Instsint, 
by  means  of  igniter. 


We  should  devote  attention  to  the  fact  that  if  the  final  selection 
of  the  initial  operating  point  M  exceeds  son^what  the  boundary  of  sta¬ 
ble  burning,  the  biirning  of  the  povrder  charge  in  certain  cases  can 
nevertheless  be  stabilized;  in  this  case,  the  following  methods  have 
proved  to  be  the  most  effective; 

1)  increasing  the  weighed  portions  of  the  igniter  in  order  to 

develop  a  pressure  greater  than  the  initial  Instant  and  so  as 

to  have  the  point  M  enter  the  region  of  iinstable  burning; 

2)  the  coating  of  a  part  of  the  grain  surface,  said  coating  to 
cover  the  initial  burning  svirface,  which  will  also  serve  to  shift  the 
point  M  into  the  region  of  vinstable  bvirnlng  (Fig.  4.24). 

The  upper  limit  of  pressure  In  the  engine.  One  of  the  considera¬ 
tions  which  restricts  the  magnitude  of  the  upper  limit  of  the  operat¬ 
ing  pressure  is  (from  the  standpoint  of  the  interior  ballistics  of  the 
engine)  the  requirement  to  provide  for  a  given  burning  time  of  a  charge 
(grain)  of  some  selected  conflgvu’ation,  i.e.,  the  required  time  of  en¬ 
gine  operation. 
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The  engine-operating  time  as  a  function  of  the  operating  pressxire 
Is  governed  by  the  fact  that  the  burning  rate  of  the  powder  Is  a  func¬ 
tion  of  pressure.  In  fact,  a  grain  weighing  oi  burns  In  the  engine  dur¬ 
ing  the  time 


t 


where  Is  the  per-second  mass  flow  rate  of  propellant. 

For  any  powder  grain  configuration.  In  first  approximation,  we 
may  assume  that 

where  u^  Is  the  burning  rate;  S^.  Is  the  total  burning  siorface  of  the 
grain;  y  is  the  specific  weight  of  the  propellant,  l.e.. 


r 


and  since 


«“« (P), 

the  b\jrnlng  time  of  the  grain  will  be  a  strong  fvinctlon  of  pressure. 
Let 

U  (p)  -II,  p\ 


The  maximum  upper  pressure  In  the  engine,  whose  operating  time  Is 
given  as  being  equal  to  t,  will  be 


or  if  we  take  Into  consideration  that  the  engine  is  functioning  under 

conditions  of  various  ten5)eratures, 

• 

■  (4.4l») 

With  a  linear  bumlng-rate  function 


-  168  - 


and 


(4.41") 

It  Is  natviral,  of  course,  that  If  both  the  working  pressure 
and  the  time  t  are  either  given  or  selected  for  the  engine,  then  the 
above  relationships  will  make  It  possible  to  evaluate  the  required  mag¬ 
nitude  of  burning  surface  which  Is  defined  as  follows  for  the  two  btirn- 
Ing-rate  functions; 

s  ^ 

*  '  (4.42) 

The  final  selection  of  the  operating  pressure  on  the  basis  of  the 
limiting  range  of  Its  extreme  values 

Pmlm<P<Pla 

Is  carried  out  at  a  much  later  stage  of  the  engine  design  and,  as  a 
rule,  here  we  take  Into  consideration  the  results  obtained  In  test- 
stand  firings  of  ejqjerlmental  engine  models. 

§5.  BASIC  RELATIONSHIPS  FOR  THE  THEORY  OP  GAS  OUTFLOW  PROM  AN  ENGINE 

The  operation  of  a  solld-propellant  rocket  engine  can  be  pre¬ 
sented  schematically  as  a  combination  of  two  Interrelated  processes  — 
the  burning  of  the  powder  and  the  movement  (outflow)  of  the  products 
of  combustion  from  the  combustion  chamber.  In  this  case,  the  reaction 
force  that  results  In  the  motion  of  the  rocket  or  of  some  other  spe¬ 
cial  Installation  comes  about  directly  as  a  result  of  the  outflow  of 
the  products  of  powder  combustion. 

We  know  from  the  theory  of  Jet  engines  that  the  effectiveness 
(thrust)  of  £ui  engine  of  this  type  Is  a  function  of  a  great  many  fac¬ 
tors,  but  Is  detemlned  primarily  by  the  parameters  of  the  exhaust  gas 
stream  and  certain  structviral  characteristics  of  the  rocket.  It  has 
also  been  established  that  of  all  the  parameters  of  the  stream  the  most 
Important  are  the  velocity  of  the  products  of  combustion  at  the  outlet 
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from  the  engine,  and  In  this  case  the  engine  Is  all  the  more  effective 
the  higher  this  exhaust  velocity. 

To  Increase  the  exhaust  velocity  at  the  outlet  from  the  combus¬ 
tion  chamber,  special  fittings  are  Installed,  and  these  are  called 
nozzles.  They  make  It  possible  to  Increase  the  velocity  of  the  flow  of 
the  products  of  combustion  to  15OO-250O  m/sec. 

Elements  of  the  Theory  of  an  Ideal  Supersonic  Nozzle 

The  study  of  the  quantitative  relationships  governing  the  motion 
of  gases  and  gaseous  mixtures  Indicates  that  there  exist  two  types  of 
flows  which  exhibit  basic  differences  between  one  another. 

With  low  velocities  of  motion,  gases  behave  vlrtmlly  like  an 
Ideal  Incompressible  fluid  and  are  subject  to  the  basic  quantitative 
relationships  of  hydrodynamics.  However,  as  soon  as  the  velocity  of 
the  gas  motion  begins  to  Increase  and  exceed  a  certain  maximum  limit, 
the  effect  of  compressibility  Introduces  such  unique  features  Into  the 
nature  of  the  gas  flow  —  such  basic  qualitative  changes  of  the  flow  — 
that  the  corresponding  flow  must  be  regarded  as  a  special  flow  which 
Is  subject  to  specific  laws  which  are  different  from  the  laws  of  hydro 
mechanics. 

It  turned  out  that  the  maximum  velocity  which  separates  these  two 
types  of  flows  Is  the  velocity  of  soimd  propagation  In  the  given  gas 
or  gaseous  mlxtiu’e.  The  respective  flows  are  generally  referred  to  as 
subsonic  or  supersonic. 

Without  dwelling  In  detail  on  an  examination  of  the  featijres  of 
subsonic  or  supersonic  flows,  we  will  point  out  only  that  with  respect 
to  the  problem  of  Interest  to  us,  l.e.,  the  acceleration  of  the  flow, 
the  following  has  been  established:  In  order  to  Increase  the  velocity 
of  the  flow  In  the  case  of  subsonic  flow.  It  Is  necessaxy  to  compress 
the  stream,  whereas  In  the  case  of  supersonic  flow  the  stream  must. 
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conversely^  be  e^anded.  In  this  case,  the  mathematical  relationship 
between  the  velocity  of  gas  motion  and  the  area  of  the  flow  cross  sec¬ 
tion  takes  the  following  form: 

t-fi 

— - .  (4.43') 

where  P  Is  the  area  of  the  flow  In  sane  section  of  the  gas  stream;  Pj^^ 
Is  the  area  of  the  stream  section  In  which  the  velocity  of  the  gas  mo¬ 
tion  Is  equal  to  the  critical  velocity,  l.e.,  the  velocity  of  sound 
propagation  In  this  gas;  M  Is  the  dimensionless  gas  velocity  In  the 
cross  section  of  the  stream  having  a  flow  area  P  (the  M(ach)  nvimber  of 
the  flow) ; 


w  Is  the  velocity  of  gas  motion  In  the  cross  section  under  considers 
tlon;  a^^  Is  the  speed  of  sound  In  this  same  cross  section;  k  Is  the 
exponent  for  the  process  of  the  expansion  of  the  gas  flow. 


Pig.  4.23*  Dimensionless  area 
of  the  lateral  cross  section 
of  the  flow  as  a  function  of 
the  dimensionless  velocity  N 
of  the  flow,  a)  Range  of  sub¬ 
sonic  flows;  b)  supersonic 
flows. 


Relationship  (4.43)  Is  expediently  presented  graphically  (Fig. 
4.23)  ^’or  ptu?poses  of  analysis.  Prom  the  graph  we  can  see  that  In  the 
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cross  section  l.e.,  P  =  PjQ,ia  critical  flow  regime  Is  es¬ 

tablished  (M=1),  l.e.,  w  =  a„„.  At  velocities  w  <  a„„,  lower  ratios 
of  P/PjQ,  correspond  to  greater  velocities  (greater  M(ach)  numbers), 
l.e.,  to  accelerate  the  stream  In  this  range  of  velocities  It  Is  nec¬ 
essary  to  compress  the  flow  In  accordance  with  the  left-hand  branch  of 
the  curve.  On  the  other  hand,  when  w  >  a^,^  greater  ratios  of  P/Pjq, 
correspond  to  higher  M(ach)  numbers,  l.e.,  to  accelerate  the  flow  In 
the  case  of  velocities  greater  than  the  speed  of  sound  It  Is  necessary 
to  e:5)and  the  flow.  In  accordance  with  the  right-hand  branch  of  the 
curve. 

In  accordance  with  this,  a  supersonic  nozzle  Intended  to  acceler¬ 
ate  the  flow  of  the  products  of  combustion  from  velocities  of  the  or¬ 
der  of  several  tens  of  meters  per  second  to  supersonic  velocities.  Is 
given  a  complex  shape  (profile)  which  can  conditionally  be  divided 
Into  three  sections: 

—  the  Inlet  section  of  the  nozzle,  with  a  converging  channel; 

—  the  outlet  section  of  the  nozzle,  with  a  diverging  channel; 

—  the  critical  section  of  the  nozzle  (throat),  with  a  channel  of 
minimum  cross  section. 

Relationship  (4.43)  maloes  It  possible  to  calculate  the  velocity 
of  the  gas  flow  In  any  section  of  the  nozzle.  If  the  conflgviratlon  of 
uhe  nozzle  Is  known.  This  same  relationship  can  be  used  to  determine 
the  shape  (dimensions)  of  the  nozzle,  said  Information  necessary  In 
order  to  obtain  the  required  flow  velocities  In  the  corresponding  sec¬ 
tions  of  the  nozzle.  Strictly  speaking.  Relationship  (4.43)  Is  valid 
only  In  the  absence  of  losses  In  the  stream,  l.e.,  with  a  change  In 
the  state  of  the  gas  In  accordance  with  an  Ideal  adiabatic  curve.  It 
Is  for  this  reason  that  this  cxxrve  describes  the  process  of  gas  accel¬ 
eration  only  for  an  Ideal  nozzle. 
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Qas-Flow  Parameters  In  the  Critical  Croas  Section  of  the  Nozzle 


In  the  theory  of  gasdynaralcs.  In  which  we  study  supersonic  flows 
of  gases.  It  Is  demonstrated  that  the  parameters  of  the  gas  stream  In 
the  critical  section  of  a  supersonic  nozzle  depend  only  on  the  gas 
parameters  In  the  combustion  chamber  and  the  exponent  for  the  process 
of  gas  expansion: 


Po  ^ 

k 

Ap 

\  2  -) 

1 

\  2  } 

*.+  l 

2  ’ 

-^  = 

/k  +  l\T 

<*Kp 

1  2  j  ’ 

(4.44) 


where  Pq,  Pq,  Tq,  eind  a^  are  the  parameters  of  the  gas  mlxtiore  of  the 
products  of  ccmbustlonj  Pj^,  Pj^,  and  V  are  the  parameters  of  the 
flow  of  the  products  of  combustion  In  the  critical  section  of  the  noz¬ 
zle;  Is  the  critical  speed  of  sound. 

Using  (4.44)  and  bearing  In  mind  that  for  an  adiabatic  process 
the  speed  of  soxuid  a^^  IcgRT^  we  can  easily  obtain  a  calculation 
formula  of  the  following  form  for  the  critical  velocity  of  the  flow: 


In  addition  to  the  dimensionless  flow  velocity  M  =  w/a^^  it  Is 
convenient  to  Introduce  the  relative  magnitude 


which  Indicates  by  how  many  times  the  velocity  of  the  stream  In  some 
section  differs  from  the  velocity  of  the  stream  In  the  critical  sec¬ 
tion.  Ihis  magnitude  Is  referred  to  as  the  velocity  factor  and  is  de¬ 
noted  by 


-  173 


It  Is  evident  that  the  parameters  M  and  X  are  Interrelated;  we 


can  show  that  the  relationship  can  be  described  as  follows: 

2 


M*=- 


*  f  1 


xs 


*  +  l 


X*  = 


l  +  ~  Mi 


(4.46) 


Fig.  4.26.  Ciirves  showing  the 
Interrelationship  between  the 
M(ach)  number  and  the  velocity 
factor  X.  1)  k  =  1.20;  2)  k  = 

=  1.25;  3)  k  =  1.30. 

In  the  theory  of  Jet  engines  we  use  both  the  dimensionless  veloc¬ 
ity  M  as  well  as  the  coefficient  X;  In  this  case,  some  simpler  rela¬ 
tionships  cam  be  obtained  throxxgh  the  use  of  the  M(ach)  numbers,  whereas 
In  other  cases  simpler  relationships  are  obtained  through  the  use  of 
the  coefficient  X.  Flgixre  4.26  shows  the  curves  which  Illustrate  the 
Interrelationship  between  the  dimensionless  velocity  of  the  stream  and 
the  velocity  coefficient;  these  cvirves  can  be  employed  In  the  calcula¬ 
tions. 

Ihe  dimensionless  area  of  the  nozzle  as  a  function  of  the  veloc¬ 
ity  of  the  flow  (4.43)  Is  expressed  as  follows  In  terms  of  the  veloc- 


Ity  coefficient  X: 


*+i 


(4.43") 


This  forjnula  can  also  he  used  In  addition  to  (4.43'),  when  It  Is 
necessary  to  determine  the  velocity  of  the  flow  In  various  cross  sec¬ 
tions  of  the  nozzle  or  when  It  Is  necessary  to  select  the  dimensions 
of  characteristic  nozzle  sections. 

Calculation  of  Gas-Stream  Parameters  In  Any  Nozzle  Cross  Section 

The  parameters  of  the  gas  flow  In  any  cross  section  of  the  nozzle 
are  functions  not  only  of  the  gas  parameters  In  the  combustion  chamber 
and  the  exponent  k,  but  also  of  the  local  velocity  of  the  flow. 

The  calculation  relationships  for  the  determination  of  the  flow 
parameters  at  any  cross  section  take  the  following  form: 

_ /l  I  * - J  ) 


^“(l 


(4.47) 


In  calculating  the  flow  not  In  accordance  with  the  M(ach)  number 
but  In  accordance  with  the  velocity  coefficient  X,  It  Is  convenient  to 
use  the  so-called  gasdynamlc  flow  functions: 


H  V 

: '  *+i 
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1*  *+i 

(4.48) 


The  values  of  the  gasdynamlc  functions  7r(X),  e(X),  and  t(X)  for 
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various  k  and  X  are  presented  In  special  tables «  and  this  substsintlally 
facilitates  the  carrying  out  of  the  reoulred  calculations.  Figure  4.27 
presents  the  curves  for  7r(X),  6(x),  and  t(x),  vthlch  can  be  used  In 
practical  con^)u  tat  Ions. 

Formulas  (4.47)  or  (4.48)  make  It  possible  to  calculate  the  param¬ 
eters  of  an  Ideal  flow  at  the  outlet  section  of  the  nozzle  of  an  en¬ 
gine,  and  for  this  purpose  It  Is  sufficient  to  substitute  M.  or  X_  Into 
the  fonraulas;  these  quantities,  determined  In  accordance  with  (4.43)  or 
(4.43')  by  the  relative  dimensions  of  the  nozzle  alone,  characterize 
the  velocity  of  the  flow  at  the  outlet  section  of  the  nozzle.  In  this 
case,  the  following  will  be  the  calculation  relationships: 

or 

♦ 

(4.50) 


Figure  4.28  presents  tentative  ciirves  which  Illustrate  the  nattare 
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of  the  change  In  the  pareuneters  of  the  gas  flow  along  the  length  of 
the  engine;  for  these  curves  Pg^,  and  Tg^  are  the  parameters  of  the 
flow  of  the  products  of  combustion  at  the  outlet  section  of  the  nozzle; 

Is  the  M(ach)  number  of  the  flow  at  the  outlet  section  of  the  noz¬ 
zle;  X  Is  the  velocity  coefficient  of  the  flow  at  the  outlet  section 
of  the  nozzle;  w_  Is  the  flow  velocity  of  the  products  of  combustion 

cl 

at  the  outlet  section  of  the  nozzle;  dj^  and  d^^are  the  diameters  of  the 
critical  and  outlet  sections  of  the  nozzle,  respectively. 


Pig.  4.28.  The  nature  of  the 
change  In  the  parameters  £,  w, 
and  T  of  the  products  of  com'Eus- 
tlon  along  the  combustion  cham¬ 
ber  of  a  solld-propellant  rocket 
engine.  1)  Oas -acceleration  sec¬ 
tion. 


Concept  of  Rated  8uid  Nonrated  Ejchaust  Regimes 

The  regime  of  the  outflow  of  the  products  of  ccmibustlon  through 
the  nozzle  Is  referred  to  as  the  rated  regime.  If  the  gases  are  ex¬ 
panded  dvirlng  the  exhaust  process  to  a  pressvire  equal  to  the  pressure 
of  the  ambient  medlxim,  l.e..  If  the  pressure  p_  In  the  stream  at  the 
outlet  section  of  the  nozzle  Is  equal  to  the  pressure  p^j  of  the  ambient 
medlvim: 

Pt^Pm- 


-  177  - 


In  practice,  we  frequently  encounter  cases  in  which  p^,  in 

which  case  p^^  >  %  operating  regime  with  \indereapansion)  or  p^^  <  Pjj 
(an  operating  regime  with  overejjpanslon) . 

An  engine  operating  regime  with  undereapansion  appears  when  the 
area  of  the  outlet  section  of  the  nozzle  for  some  reason  must  be  made 
smaller  than  the  theoretical  (calculated)  dimensions.  In  the  case  of 
xinderejqjanded  outflow,  the  engine  functions  rather  stably,  and  only 
some  loss  of  engine  thrust,  due  to  Inconplete  expansion  of  the  stream 
of  products  of  combustion.  Is  observed.  Underexpansion  may  take  place 
when  the  area  of  the  outlet  section  of  the  nozzle  Is  equal  to  the  cal¬ 
culated  dimension,  if  the  pressure  changes  dvirlng  the  flight  of  the 
object  so  that  it  drops  noticeably  below  p_  at  some  Instant  of  time 
(climb  to  great  altitudes  with  pronounced  rarefaction  of  the  atmosphere). 

In  an  overe:q)anslon  regime,  the  gas  expands  to  a  pressure  below 
that  of  the  ambient  medium.  This  results  In  a  flow  that  Is  actxially 
moving  from  a  region  of  reduced  pressiare  to  a  region  of  greater  pres¬ 
sure.  Esqjerlments  with  nozzles  which  overe:q>and  the  gas  stream  have 
demons trated^^  that  such  motion,  at  first  glance  contradictory  to  phys¬ 
ical  concepts,  can  actually  take  place.  However,  the  possibility  of 
the  existence  of  such  motion  Is  restricted  by  comparatively  low  "stiper 
differences, "  and  the  motion  of  the  gas  In  an  overexpansion  nozzle  Is 
Itself  distinguished  by  great  Instability.  With  significant  overexpan- 
slon,  when  P^/Ph  <  0.3-0. 5*  intensive  Jumps  may  arise  within  the  noz¬ 
zle,  and  these  disrupt  significantly  the  regime  of  the  nonnal  accelera¬ 
tion  of  the  flow  of  products,  so  that  In  certain  cases  not  even  the 
critical  velocity  will  be  attained. 

In  the  case  of  overes^ansion,  engine  thrust  may  also  diminish  in 
conparlson  to  the  calculated  thrust,  and  In  this  case  the  drop  In 
thrust  will  take  place  as  a  result  of  the  action  of  the  excessive  coun- 
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Pig.  4.29.  Reduction  In  engine  thrust 

In  the  case  of  operations  with  an  over- 
expansion  regime. 


/iK£ 


Pig.  4.30.  Curve  of  relative 
measuren^nt  of  engine  thrxist 
(engine  operating  on  solid  pro¬ 
pellant)  as  function  of  alti¬ 
tude  H  of  rocket  flight. 


r 


terpressure  exerted  on  a  part  of  the  nozzle  contoiir  (Pig.  4.29).  In 
the  general  case,  the  nature  of  the  change  In  engine  thrust  In  the 
case  of  overexpanded  gas  outflow.  In  comparison  with  thrust  In  the 
case  of  theoretical  outflow,  depends  on  the  degree  of  overexpansion 
and  the  configuration  of  the  nozzle;  In  this  case,  with  overexpansion 
Increased  outflow  velocity  will  serve  to  Increase  engine  thrust  some¬ 
what,  whereas  engine  thrust  will  drop  as  a  result  of  p^^  <  pjj  and  the 
effect  of  the  counterpressure  on  the  wall  of  the  nozzle.  It  Is  generally 
quite  difficult  to  predict  In  advance  what  the  final  total  change  In 
thrust  will  be,  since  this  change  Is  determined  by  the  geometry  and 
ballistic  parameters  of  each  specific  engine. 

If  the  nozzle  Is  fvinctlonlng  under  a  regime  of  underexpansion, 
with  a  decline  In  external  pressure  (Pj{),  for  example,  because  of  a 
change  In  flight  altitude,  engine  thrust  generally  Increases  somewhat 

(Pig.  4.30). 
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§6.  REACTION  FORCE  AND  SPECIFIC  IMPULSE  OF  A  SOLID-PROPELLANT  ROCKET 
ENGINE 

Derivation  of  Reaction-Force  Formulas 

For  the  derivation  of  the  formulas  of  reaction  force  we  will  use 
the  theorem  for  the  mechanics  of  momentum.  In  accordance  with  this 
theorem,  a  change  In  momentum  of  any  Isolated  mechanical  system  Is 
eqvial  to  the  Impulse  acting  on  this  system. 

In  oiir  case  (Fig.  4.31),  at  any  arbitrary  Instant  of  time  t  the 
Isolated  system  consisting  of  a  rocket  and  a  certain  volvime  of  ambient 
air  siirrovindlng  the  rocket  will  be  characterized  by  momentum. 

where  m  Is  the  rocket  mass;  v  Is  the  flight  velocity  of  the  rocket 
(vector) . 


- - - — - - - I 

Pig*  4.31.  For  the  derivation  of  the 
equation  of  motion  for  the  rocket. 

After  an  Interval  of  time  At,  the  system  vinder  consideration  will 
consist  of  the  rocket,  the  ambient  air,  and  the  mass  of  the  products 
of  combustion  ejected  from  the  nozzle  of  the  rocket  during  the  time 
period  At.  In  this  case,  the  mass  of  the  rocket  has  been  reduced  by 
Am,  and  the  velocity  has  Increased  by  Av.  If  the  velocity  of  the  prod¬ 
ucts  of  combustion  Is  denoted  by  w,  the  total  momentum  of  the  system 
In  the  latter  case  will  be 

Am)  (« -f  AV) + ^  «). 
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In  accordance  with  the  momentxan  theorem 


where  is  the  Impulse  acting  on  the  system  of  forces;  Is 

the  sum  of  all  forces  appearing  In  the  system  vinder  consideration;  AK^ 
Is  the  change  In  the  momentum  of  the  system. 

In  ovir  case 

(«-f  Atl)  -j- Am(v— «)— 

= mv — Amo  4- miiv — Am  Av -{^  Am  V Am*  — 

or,  neglecting  the  quantities  of  a  higher  order  of  smallness, 

.  A^%mAo-^Amw. 

In  accordance  with  the  theoram  we  will  have 


mAo— Am«K 


A/. 


<-i 


or.  In  differential  form, 

(4.5’) 

*  l-l 

Ejq>resslon  (4.31)  Is  a  differential  equation  for  the  motion  of  a 
body  of  variable  mass.  This  equation  was  first  derived  by  the  Russleui 
scientist  I.V.  Meshcherskly  and  published  In  his  works  on  the  dynamics 
of  a  point  of  variable  mass  (1897)«  We  can  see  from  (4.51)  that  the 
equation  for  the  motion  of  a  body  of  variable  mass  Is  unlike  the  eqvia- 
tlon  for  the  motion  of  conventional  solids  only  In  that  the  number  of 
external  forces  Includes  yet  another  additional  force  ( (dii\/dt)w), 
which  characterizes  the  nature  of  the  change  In  the  mass  of  the  body 
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and  the  parameters  of  the  relative  motion  of  the  ejected  mass. 

* 

Let  us  examine  In  greater  detail.  For  the  selected  system, 

i  I 

this  total  Includes:  the  force  of  gravity  nig,  the  thrust  R^,  and  the 
forces  that  are  due  to  the  action  of  the  rocket  In  the  face  of  the  ap¬ 
proaching  stream  of  air  (the  aerodynamic  forces  R^erd^* 

« 

Presenting  the  aerodynamic  force  in  the  following  form: 

where  1?^  Is  the  equivalent  force  of  pressure  distributed  over  the  body 
of  the  rocket;  Is  the  equivalent  force  of  aerodynamic  friction; 
^proch  equivalent  force  of  all  other  aerodynamic  forces,  we 

will  obtain  the  following  eqioatlon  of  rocket  motion: 

(4.51') 

Now  let  an  operating  rocket  be  made  Immobile  (firmly  held  fast  on 
a  test  stand).  It  Is  evident  that  In  this  case  v  =  0;  nig  Is  offset  by 
the  reaction  of  the  stand  supports;  and  ~  l.e.,  (4.51') 

will  take  the  following  form: 

^t5+5,+^p=-o. 


1  1 1  I  Mt  mt  I, 

_ 

m<  nun  in  mum* 


Fig.  4.32.  Diagram  of  forces  acting  on  a 
rocket  fastened  on  a  test  stand,  with  engine 
In  operation. 

Vfe  can  see  from  Fig.  4.32  that  as  a  result  of  the  symnetry  of  the 
rocket  body,  pressure  Is  offset  almost  con^letely  along  the  entire  con- 
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tour  (outline)  of  the  roclcet  and  It  Is  only  at  the  outlet  of  the  noz¬ 
zle  that  some  difference  In  pressure  occurs,  so  that 

(P« — P*) 

where  Is  the  pressure  of  the  outflow  products  at  the  outlet  section 
of  the  nozzle;  p^  Is  the  coimterpressure  of  the  ambient  medium  at  the 
outlet  section  of  the  nozzle;  Is  the  area  of  the  outlet  section  of 
the  nozzle. 

If  we  take  Into  consideration  the  mutvial  direction  of  the  vectors 
w,  and  the  component  (p^^  —  p^)  and  assuming  a  positive  direc¬ 
tion  of  rocket  motion,  we  will  obtain 

«» 

whence  the  formula  which  determines  the  thrust  of  the  rocket  engine 
will  be: 


or 

^4^  52) 

Where  =  dm/dt  Is  the  per^second  flow  rate  of  gases  from  the  engine, 

sec 

In  the  case  of  a  theoretical  outflow  regime  p^^  =  p^,  and  the 
formula  for  thrust  takes  the  following  form: 

(4.52*) 

If  we  denote 


(Pm- Pm)* 


then  for  euiy  outflow  regime  the  thrust  can  be  presented  In  the  follow¬ 
ing  single  form: 

(4.52") 

where  w^^  Is  the  effective  outflow  velocity. 

In  calculation  practice  It  Is  convenient  to  use  a  formula  to  cal- 
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culate  in  terms  of  the  press\ire  Pq  In  the  combustion  chamber  of  the 
engine.  The  corresponding  relationship  Is  easily  obtained  If  we  take 
Into  consideration  that  according  to  (4.27) 

In  fact.  If  we  substitute  this  expression  for  Into  (4.52), 

we  will  obtain 

Let  us  examine  the  sxun  In  the  brackets  of  the  last  relationship. 


Here 


According  to  (4.49) 


-&-(*,  MJ. 


but  from  (4.43)  It  follows  that 

l.e. , 

«-/(*•  t)- 

so  that  AWg  is  a  function  only  of  k  and  In  the  final  analysis ^ 

we  will  see  that 


l.e. 


a.,+a  i). 
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or,  neglecting  the  quantity  In  view  of  the  smallness  of  atmos¬ 

pheric  pressxufe  In  comparison  with  the  operating  pressxjres  In  the  com¬ 
bustion  chamber, 

(^-53) 

The  coefficient  Is  referred  to  as  the  coefficient  of 

reaction  force  or  the  Lanzheven  [sic]  coefficient.  The  numerical  val¬ 
ues  of  this  coefficient  for  k  =  1.25  and  various  nozzle  expansions 
da/dj^  are  presented  In  Table  4.8. 


TABLE  4.8 

Numerical  Values  of  the  Theoretical  Magnitude 
of  the  Coefficient  of  Reaction  Force 


1  ymiipevM 

1.0 

1.2 

1.4 

1.0 

1.8 

!2.0 

2.2 

2.6 

2.6 

8.0 

1.26 

1.38 

1.40 

1.51 

1,56 

1.80 

1.02 

1.04| 

1.67 

1.66 

l.TO 

1)  Expansion, 


Total  Reaction-Force  3hg)ulse  and  Specific  Impulse  of  Engine 

The  total  In^ulse  J  of  the  reaction  force  Is  referred  to  as  the 
Integral  characteristic  of  the  c\irve  for  engine  thrust  R^  with  respect 
to  time: 

where  t  Is  the  operating  time  of  the  rocket  engine. 

If  engine  thrust  Is  approximately  constant  throughout  the  entire 
period  of  engine  operation, 

y— ^,t.  (4.54) 

The  magnitude  oX  the  total  Impulse  Is  a  complex  characterization 
of  the  effectiveness  of  the  operation  of  a  solld-propellant  rocket  en¬ 
gine,  and  here  the  level  of  thrust  developed  by  the  engine  and  the 


period  of  time  that  the  thrust  acts  on  the  rocket  are  both  taken  Into 
consideration. 

It  Is  the  general  practice  to  regard  the  magnitude  which  Indicates 
the  Impulse  Imparted  to  the  rocket  In  the  burning  of  1  kg  of  powder  In 
the  engine  as  the  most  Important  characteristic  of  a  solld-propellant 
rocket  engine.  This  quantity  Is  referred  to  as  specific  Impulse: 


Ji 


(^.55) 


where  w  Is  the  total  weight  of  the  working  powder  charge. 

If  we  express  co  In  terms  of  the  per-second  flow  rate  of  the  pow¬ 
der  gases  (0  =  nigec®^  Into  consideration  (4.5^)*  we  will 

find 


7  _  ^  H 


(4.56) 


Substituting  the  value  of  R  and  m__ .  Into  this  equation,  we  will 

B6C 


obtain  this  formula  In  expanded  form: 

R  I 


or 


Using  this  expression  and  some  of  the  relationships  presented 
above,  we  can  show  that 

yt— (4.57) 

The  specific  Impulse  should  be  regarded  as  the  basic  criterion 
for  the  evaluation  of  the  effectiveness  of  a  solld-propellant  rocket 
engine.  The  greater  the  value  of  the  specific  lnq;>ulse,  the  more  effec¬ 
tive  the  corresponding  engine. 

Derivation  of  the  K.E.  Tslolkovskly  Fonnula 


It  Is  easy  to  derive  the  K.E.  Tslolkovskly  formula  from  the  equa- 


tlon  of  roclcet  motion^  If  we  assume  that  the  flight  Is  accomplished  In 
the  absence  of  any  resistance  to  the  motion  of  the  rocket  and  If  we 
neglect  the  action  of  mass  forces  on  the  flight.  Qlven  these  assump> 
tlons,  the  equation  of  rocket  motion  Is  simplified  to  the  following 
form; 


m- 


or  If  we  take  Into  consideration  the  directions  of  the  vectors  v  and  w, 

Mi  M  *♦. 

and  the  equation  can  easily  be  Integrated. 

In  fact,  dividing  the  variables,  we  will  obtain 


ef 


whence 


6,v,=v, — tf,=  —  In 


Jll0 


(4.58') 


where  Av^  Is  the  Increment  In  velocity  as  a  result  of  the  operation  of 
the  rocket  engine  (In  ccanparlson  with  the  Initial  velocity);  m^  Is  the 
rocket  mass  remaining  from  the  Initial  mass  Uq  at  some  Instant  of  time. 
The  maximum  velocity  Increment  In  this  case  Is 


•— ,  (4.58”) 

where  m^  Is  the  final  weight  of  the  rocket,  l.e.,  the  passive  weight 
Op]  hIq  Is  the  Initial  weight  of  the  rocket  (launching  weight). 

The  ratio  nij^mQ  characterizes  the  perfection  of  the  structural 
fabrication  of  the  rocket  and  la  referred  to  as  the  coefficient  of 
the  rocket: 


Apim*""— -cpie  In  ft*. 
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It  can  be  demonstrated  that  for  a  multistage  rocket.  In  which  the 
stages  are  successively  Jettisoned, 

(iSlI***  •  •  •  l*» 

where  n^^  is  the  nvimber  of  operating  stages. 

For  solid-propellant  rocket  engines,  the  K.E.  Tslolkovskiy  formula 
is  generally  written  somewhat  differently,  using 

l.e.,  in  the  following  form 

(4.58"') 

or  taking  into  consideration  (4.57) 

v-«=yi^ln(l+-^).  (4.59) 

Thrust  and  Specific  topulse  as  Functions  of  the  Structural  Feat\u?es 
and  Ballistic  Characteristics  of  the  Engine 

In  the  most  general  form,  the  thrust  of  a  rocket  engine  is  deter¬ 
mined  by  the  following  relationship 

for  which  it  has  been  demonstrated  that 

Thus  thinist  is  completely  determined  by  the  magnitude  of  the  op¬ 
erating  pressure  in  the  combustion  cheunber  of  the  engine,  the  composi¬ 
tion,  and  the  properties  of  the  gaseous  products  of  powder  combustion 
(k),  and  the  structural  features  of  the  engine,  particularly  the  rela¬ 
tionship  between  the  areas  of  the  outlet  and  critical  sections  of  the 
nozzle;  the  parameters  of  the  andslent  medium  (pjj)  also  have  some  effect 
on  thzoust.  However,  if  the  ambient  medium  is  the  atmosphere, 

(PH'ira*  =  1 

and  at  pressures  of  Pq  »  50-IOO  kg/cm^  in  the  combustion  chamber  of  a 
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solid-propellant  rocket  engine  their  effect  can  be  neglected. 


Ifi) 

— 

US 

4M 

^  II 

^  OS  U  tp  U 

Pig.  4.33*  The  nature  of  the 
actual  relationship  i  =  €(dg^/dj^). 

1)  Theoretical  cin>ve;  2)  actual 
ciu’ves  for  various  engines. 


For  a  selected  operating  pressxire  established  by  Oj^  and  a  defi¬ 
nite  powder,  the  thrust  of  a  solld-propellant  rocket  engine  Is  a  single¬ 
valued  function  of  cf^/^kr*  ^  design  practice.  Instead  of  the  area 
ratio  ‘^a./‘^kr  more  frequently  use  the  ratio  of  the  diameters  of  the 
corresponding  cross  sections,  referring  to  this  ratio  as  the  expansion 
of  the  nozzle; 


(— 


( 


l.e.,  for  the  conditions  mentioned  above  engine  thrust  Is  wholly  deter¬ 
mined  by  the  expansion  of  the  nozzle. 

The  theoretical  relationship  R  =  R(dg^/djjy),  determined  by  the  re¬ 
lationship  i  =  ^(dg^/djjy)  (see  Table  4.7),  Is  achieved  In  practice  only 
In  the  case  of  small  ej^panalon.  In  the  case  of  great  expansion,  a  less 
Intensive  Increase  In  thrust  (In  comparison  with  the  theoretical  In¬ 
crease)  Is  observed  with  an  Increase  In  d^/dj^,  because  of  losses  In 
the  nozzle  and  certain  secondary  outflow  effects;  In  fact,  there  may 
be  some  drop  In  the  magnitude  of  thriist  for  (d^^/dj^^)  >  (dg^/djjj,)ppg^j. 

The  tentative  relationship  between  the  Lanzheven  [sic]  coefficient  and 
the  ejq)an8lon  of  the  nozzle  for  conditions  of  actual  outflow  Is  pre¬ 
sented  In  Fig.  4.33.  We  can  see  from  the  curve  presented  In  this  figure 
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that 


and  the  maximum  magnitude  of  the  Lanzheven  coefficient  does  not  exceed 

Saiu-J.4-M,5S. 

Of  the  factors  affecting  the  magnitude  of  specific  Impulse,  the 
first  that  should  be  mentioned  are  the  following: 

1)  expansion  of  nozzle, 

2)  pressiire  Pq  In  the  combustion  chamber  of  the  engine; 

3)  the  Initial  tenperature  of  the  powder  charge  and  the  tempera¬ 
ture  of  the  products  of  combustion; 

4)  the  heating  value  Q^j^2h)  powder; 

5)  the  presence  of  various  kinds  of  losses  In  the  engine  and  pri¬ 
marily  In  the  nozzle,  as  well  as  the  heat  losses  In  the  combustion 
chamber. 

Let  us  examine  the  successive  effect  on  of  each  of  the  above - 
enumerated  factors. 

In  accordance  with  (4.56) 


and  since  Is  not  a  f\anction  of  nozzle  e:q)anslon,  =  Ji(dg^/djjy) 

Is  similar  to  =  R(dg/djj^).  The  above -presented  considerations  with 
respect  to  the  existence  of  certain  maximum  expansion  values  remain  In 
force,  and  If  these  values  are  exceeded  a  drop  In  the  theoretical 
parameters  of  thrust  and  specific  impulse  is  observed  In  practice. 
Specific  Impulse  as  a  function  of  expansion  varies  for  various  values 
of  operating  pressure  In  the  combustion  chamber.  With  an  increase  In 
the  operating  pressure  the  Increment  In  Impulse  as  a  result  of  the  In¬ 
creased  ejq}anslon  becomes  more  pronounced.  As  an  example.  In  Table  4.9 
we  have  presented  the  relative  Increment  in  specific  engine  inpulse 
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for  various  pressures  due  to  Increased  nozzle  expansion  from  ~ 

=  1.0  to  =  5*0  in  one  case  and  from  =  1*0  to  the  theoretl 

cal  value  (for  each  pressure)  In  the  other  case. 

TABLE  4.9 

Relative  Increment  In  Specific  Impulse  as  a 
Function  of  Nozzle  Expansion  for  Various  Pres- 
siu?es  within  the  Combustion  Chamber 


1  JlaBJieHRe  b  Katiepe  cropaviui 

100  1  ISO  1  200 

2 

^  H  npH  — -I  -5,Q 

Ji  •«P  Up 

25,8 

27,8 

28,2 

/I  •itp  Hp  \  /paci 

29,0 

32.1 

33,6 

l)  Pressure  In  the  combustion  chamber;  2) 
Icg/cm^j  3)  at. 


We  can  see  from  Table  4.9  that  with  great  expansion,  pressure  has 
a  relatively  weak  effect  on  the  magnitude  of  the  specific  Impulse.  For 
example,  for  da^^kr  **  Increase  In  operating  pressxire  from  100 

to  200  kg/cm^  (l*e.j  by  a  factor  of  two)  Increases  the  value  of  the 
specific  Impulse  by  only  1.4j^.  This  Increment  In  Impulse  virtually 
falls  to  offset  even  the  Increase  In  engine  weight  resulting  from  the 
need  to  provide  for  strength  with  this  Increased  pressure. 

On  the  other  hand.  Increased  nozzle  expansion  from  da/^kr  ~  2.24 
to  the  theoretical  value  Increases  the  specific  Impulse  by  2.25^  at 
Pq  =  100  kg/cm^;  by  4.3J^<  at  Pq  =  150  kg/cm^;  and  by  5.4j^,at  Pq  =  200 
kg/cm^. 

If  we  take  Into  consideration  that  because  of  the  limited  flare 
angle  of  the  outlet  cone  It  becomes  necessazy  to  Increase  the  length 
of  the  nozzle  In  the  case  of  nozzle  expansion,  the  weight  of  the  en¬ 
gine  (Its  nozzle  assembly)  will  Increase  as  the  expansion  becomes 


greater.  In  this  case,  the  effective  Impulse  Increment  will  be  reduced 
accordingly. 

Thus  with  an  Increase  In  nozzle  expansion,  specific  engine  Im¬ 
pulse  Increases  only  up  to  some  limit  e^qjanslon  values  which  are  equal 


approximately  to 


Further  expansion  can  result  In  the  reduction  of  the  specific  Im¬ 
pulse  of  the  engine.  With  Increased  nozzle  e;5)anslon  the  weight  of  the 
nozzle  assembly  of  the  engine  Increases,  so  that  It  Is  always  neces¬ 
sary  to  estimate  the  effective  Impulse  Increment  In  the  calculations, 
rather  than  the  absolute  Increment. 

Let  us  dwell  In  some  detail  on  specific  Impulse  as  a  fiuictlon  of 
pressure.  In  accordance  with  (4.56')#  at  ~  const 

/i— const,  +  .S252i, 

A 

l.e.,  with  an  Increase  In  the  pressure  In  the  combustion  chamber,  the 
Impulse  Increases,  attaining  Its  maximum  value  at  Pq  -♦  »; 

t/iu-j-. 

For  one  of  the  engines,  the  values  of  for  various  operating 
pressures,  calculated  according  to  (4.56'),  amounted  to: 

=  215  kg'sec/kg  at  p^  =  50  kg/cm^ 

=  220  ''  at  Pq  =  100  '' 

3^  =  223  ''  at  Pq  =  200  " 

=  225  "  at  Pq  =  500  ” 

however,  test  firings  of  this  engine  demonstrated  that  the  true  de¬ 
pendence  of  specific  Impulse  on  pressure  Is  somewhat  weaker,  and  the 
average  values  of  the  Impulses  measured  diirlng  the  experiment  were  as 
follows: 
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=  196  kg*  sec/kg 
=  200  " 

=  202.4  " 

=  202.5  " 

Hence  we  can  see  that  beginning  with  Pq  =  150  kg/cm*^,  the  engine 

exhibited  a  specific  Impulse  that  was  virtually  Independent  of  the 
operating  pressure  In  the  combustion  chamber. 

Thus  with  an  Increase  In  the  operating  pressxire  In  the  combustion 
chamber,  the  specific  Impulse  of  a  solld-propellant  rocket  engine  In¬ 
creases.  It  has  been  established  In  practice  that  for  each  engine  de¬ 
sign  there  exists  a  certain  maximum  value  of  (J2.)j„ax  that  no 

changes  In  pressure  can  result  In 

Again  we  must  devote  ovir  attention  to  the  fact  that  with  an  In¬ 
crease  In  the  pressure  In  the  combustion  chamber  there  Is  an  Increase 
In  the  structural  weight  of  the  engine  because  of  the  Increased  wall 
thickness  of  the  combustion  chamber;  thus  It  becomes  necessary  each 
time  to  take  Into  consideration  not  the  theoretical,  but  the  effective. 
Increment  In  Impulse,  and  the  losses  due  to  the  additional  weight  must 
also  be  taken  Into  consideration. 

With  an  Increase  In  the  Initial  temperatvire  of  the  charge,  the 
specific  Impulse  of  the  engine  Increases,  since  In  this  case  there  Is 
an  Increase  In  the  reserve  of  physical  heat  contained  In  the  powder 
and  liberated  as  the  grain  burns;  In  addition,  changes  are  observed  In 
the  remaining  parameters  of  the  Interior  engine  ballistics,  which  re¬ 
sult  In  an  Increase  In  specific  In^ulse  (Increase  In  engine  pressiire, 
reduction  In  operating  time,  etc.). 

(  The  nature  of  the  effect  that  the  Initial  temperatvire  of  the 

charge  has  on  specific  ln^)ulse  can  be  seen  from  the  exanqple  presented 
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at  Pq 
at  Pq 
at  Pq 
at  Pq 


-■=  1.42. 


% 


In  Table  4.10. 


TABLE  4.10 

Specific  Engine  Impulse  as  a  Function  of 
liiltlal  Charge  Pressvire  In  the  Interval 
+50°C 


<o*C 

+» 

+30 

+16 

0 

-30 

-40 

-80 

Kt  eefc/Ht  ^ 

205,9 

202,8 

201,3 

199,6 

m.2 

196,6 

196,6 

1)  kg-sec/kg. 


As  can  be  seen  from  the  above-mentioned  data.  In  the  temperature 
Interval  +50°C  the  specific  Impulse  can  change  by  approximately 
with  respect  to  Its  value  at  tQ  =  +15°C. 

The  gas  temperature  has  an  effect  on  the  specific  Impulse  Insofar 
as  It  determines  the  outflow  coefficient 


and  the  specific  impulse 


l.e. , 

y,«jas/e— 6.-5L). 

The  difficulty  encountered  In  the  thezmal  shielding  of  an  engine 
having  a  high  temperature  In  the  combustion  chamber  and  the  reduction 
of  the  strength  characteristics  of  the  structural  materials  with  an 
Increase  In  temperature  limit  the  permissible  temperattire  of  the  prod¬ 
ucts  of  combustion.  Therefore,  an  Increase  In  the  temperature  of  the 
gases  as  a  means  of  Increasing  the  specific  Impulse  of  the  engine  Is 
vindeslrable  and  the  problem  as  to  the  quantitative  relationship  = 
=  f(AT)  Is  not  considered  here. 
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since 


and 


'  /#•»/' 


»(*) 


the  specific  Impulse  Is  formally  proportional  to  ^Qyf(2h)*  ^  practice, 
this  relationship  has  a  weaker  effect  and  Is  stressed  by  the  propor¬ 
tionality  to  the  root  VSff(zh)' 
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[List  of  Transliterated  Symbols] 


C  =  C  =  C  “  c 

HKJi  nkl  nltrokletchatka  nitrocellulose 


u  =  u,  =  u. 


n  "‘I  ‘^llneynaya  (skorost')  “linear  (rate) 


^  ^2  ^zaryad  ^graln  (charge) 


P,  =  34-  =  Pi 


T  ^t  '^temperature  ^temperature 

^cp  ~  ^sr  “  ^srednyaya  (temperature)  “  ^mean  (temperature) 
Vi^  =  w_  =  w _ =  w. 


g 


gaz 


gas 


^  ^n  ^nabor  ^bulld  up 
^  _  ^sh  _  ^shashka  _  ^graln 

^ad  “  ^rab  “  ^rabocheye  (davlenlye)  “  ^operating  (pressure 
^p  ~  ^krltlcheskoye  “  ^critical 

^K.c  “^k.  s“^  kamera  sgoranlya  ~  ^  combustion  chamber 
npefl  =  pred  =  predel'noye  =  limit 

P  CT  “  P  st  “  ^  statslonamyye  (davlenlya)"  P  steady- state 

pressures 

S  =S  =S  ^  ^ 

rop  gor  gorenlye  burning 

CB  “  sv  “  svobodnoye  (sechenlye)  free  (cross  section) 

CD  =  (U  =  0) 

ceK  sec  per  second 

®3B  “  ®'zv  “  ^zvuk  “  ®^sound 

jp  _  p  _  p  =  R 

^epfl  “  aerd  aerodlnamlcheskaya  aerodynamic 
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^poy  “  ^roch  “  ^rochlye  “  ^all  other 

*^3$  “  '^ef  “  ’^effektlvnaya  “  ’"^effective 
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Chapter  V 

THE  DESIGN  OP  AN  ENGINE  FOR  A  SOLID -PROPELLANT  MISSILE 

§1.  SELECTION  OP  STRUCTURAL  DIAGRAM  FOR  COMBUSTION  CHAMBER  AND 
MATERIAL  FOR  TUBE 

As  a  rule,  the  engine  for  a  solid-propellant  rocket  missile  con¬ 
sists  of  a  frame  of  a  combustion  chaunber  and  several  additional  ele¬ 
ments,  the  basic  among  which  are  the  nozzle  assembly  and  the  forward 


Pig.  5.1.  Design  of  engine  for  solld-propel- 
lant  rocket  missile.  1)  Forward  connection 
device;  2)  frame  of  igniter  cartridge;  3) 
grain  trap  (spacer);  4)  tube  of  combustion 
chamber;  5)  diaphragm;  6)  nozzle  assembly. 

spacer  which  connects  the  combvistlon  chamber  with  the  warhead  of  the 
missile  (Fig.  5.1).  The  combustion  chamber  Is  designed  to  house  the 
solid-propellant  charge,  the  Igniter,  the  Ignition  system,  etc.,  as 
well  as  to  provide  for  normal  conditions  of  propellant  burning  during 
the  time  of  engine  operation. 

Structurally  the  frame  of  the  combustion  chamber  Is  generally 
made  In  the  form  of  a  cylindrical  tube.  At  times  we  encounter  designs 
of  different  types;  however,  the  fabrication  and  assembly  of  combus¬ 
tion  chambers  Involves,  as  a  rule,  considerable  difficulties  and  It  Is 
for  this  reason  that  such  chambers  are  employed  comparatively  rarely. 
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Pig.  5*2.  Typical  structural  diagrams  for  the 
combustion  chamber  of  an  engine.  3.p)  The  length 

of  the  threaded  portlonj  6)  thickness  of  the 
wall;  and  d^)  outside  and  Inside  diameter, 

respectively;  d^)  thread  diameter;  D^)  max- 

Imum  diameter. 


11^ 

z 

#1,4 

_J 

r 

t- 

A,0 

■no  0  no  torn  T’e 


Pig.  5e3*  linpact  strength  a^, 
kQ-m/om^  as  a  function  of  tem¬ 
perature  T°C  for  steel,  with 
failure  at  low  temperatures. 


Some  of  the  stznictural  versions  of  combustion  chambers  are  presented 
In  Fig.  5>2.  A  comparative  evaluation  of  the  typical  combustion- 
chamber  designs  shown  In  Fig.  3*2  demonstrates  that  there  are  no  basic 
differences  between  them;  the  chambers  differ  from  one  another  only  by 
the  location  of  the  connecting  thread  (on  the  outside  —  Fig.  3«2a;  on 
the  Inside  —  3* 2b)  and  In  the  design  of  the  threaded  section.  It  should 
be  pointed  out  that  If  a  missile  Is  not  fabricated  with  threaded  con- 
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nectlons,  but  Is  designed  to  employ  some  other  connection  method  (weld- 
Ing,  gluing,  pressxire  fitting,  etc.),  the  design  of  the  combustion 
chamber  remains  as  before  and  only  the  threaded  section  Is  replaced  by 
another,  corresponding  to  the  given  connection. 

The  tube  of  the  combustion  chamber  must  be  selected  on  the  basis 
of  the  consideration  that  a  firm  connection  be  achieved  with  the  two 
above-mentioned  component  parts  In  contact  with  the  tube,  and  the  con¬ 
nection  must  provide  for  the  permanence  of  the  Joint  and  the  hermetic 
sealing  of  the  combustion-chamber  cavity  under  conditions  of  high 
pressures  and  temperatures  which  occur  within  a  solid-propellant 
rocket  engine  that  is  In  operation.  An  Important  criterion  for  the 
evaluation  of  the  structural  diagram  of  a  combustion  chamber  Is  the 
requirement  for  technological  adaptability  to  fabrication,  said  re¬ 
quirement  geared  to  conditions  of  fabricating  these  component  parts  on 
a  mass-production  basis.  Prom  this  standpoint,  for  example,  tubes  with 
an  Inside  thread  are  less  desirable,  since  for  these: 

—  the  processing  of  the  chamber  from  within  presents  certain  dif¬ 
ficulties,  especially  In  the  case  of  undercutting; 

—  It  is  difficult  to  obtain  a  high-quality  thread  on  component 
parts  of  small  calibers. 

Finally,  we  should  also  point  out  that  the  configuration  of  the 
Inner  cavity  of  the  combustion  chamber  has  an  effect  on  the  parameter 
K  of  the  engine,  of  which  more  will  be  said  In  greater  detail  below. 

In  addition  to  the  selection  of  the  structural  diagram,  an  ex¬ 
tremely  Important  stage  In  the  design  of  the  combustion  chamber  Is  the 
resolution  of  the  problem  relating  to  the  material  enployed  In  the 
frame  of  the  engine.  In  selecting  the  material,  we  should  bear  In  mind 
that  Instantaneous  presstire  pulses  at  the  beginning  and  the  end  of  the 
biirnlng  of  the  powder  are  possible  dxirlng  engine  operation,  especially 
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during  the  miss lie -tea ting  stage.  Hence  one  of  the  most  important 
characteristics  of  the  material  used  for  the  walls  of  the  combustion 
chamber  Is  the  Impact  strength  which  must  be  sufficiently  great  over 
the  entire  temperature  Interval  set  for  the  engine. 

Missiles  that  were  used  diirlng  the  period  of  the  Second  World  War 
were  fabricated,  as  a  rule,  of  unalloyed  structural  steels.  With  re¬ 
spect  to  their  characteristics,  these  steels  satisfy  all  of  the  re¬ 
quirements  Imposed  on  the  material  used  In  the  construction  of  a  com¬ 
bustion  chamber,  but  these  steels  exhibit  comparatively  low  mechanical 
properties.  In  this  connection,  the  requirements  for  strength  demand 
the  fabrication  of  comparatively  thick-walled  combustion  chambers,  and 
this  increased  the  structural  weight  of  the  missile,  thus  reducing  the 
maximxmi  velocity  and  flight  rainge  of  the  missile. 

It  Is  more  expedient  to  use  low-alloyed  steels  of  increased 
strength  for  combustion  chambers.  These  steels  make  It  possible  sub¬ 
stantially  to  lighten  a  rocket  engine  without  introducing  any  signifi¬ 
cant  increase  In  cost. 

In  the  case  of  steels  Involving  more  conplex  alloying,  reductions 
in  in5)act  strength  at  low  temperatures  may  be  observed  (Fig.  5«3)i  and 
moreover,  the  fabrication  techniques  for  component  parts  made  of  such 
steels  Is  generally  comparatively  complex  and  these  steels  are  there¬ 
fore  rarely  employed. 

In  the  case  of  engines  operating  on  high  heating-value  powders  or 
If  the  engines  are  subjected  to  extended  operation,  the  walls  of  the 
combustion  chamber  are  coated  with  special  heat -Insulating  composi¬ 
tions.  Sometimes  these  heat-lnsulatlng  coatings  are  Introduced  simply 
In  order  to  reduce  the  structural  weight  of  the  missile,  since  by  In¬ 
sulating  the  wall  against  the  effects  of  high  temperatures  It  becomes 
possible  to  reduce  the  tempera tvire  stresses  within  the  combustion  cham- 
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ber  thus  simultaneously  reducing  the  necessary  wall  thickness.  The 
well-known  German  antiaircraft  missile  "Tayfun-P"  operated  on  a  powder 
of  conventional  heating  value  ~  8OO-850  kcal/kg  for  I.5  sec. 

However,  the  walls  of  the  combustion  chamber  In  this  missile  were 
coated  with  two  heat-lnsulatlon  layers,  thus  making  It  possible  to  re¬ 
duce  the  thickness  of  the  walls  to  6  =  2. 0  mm  and  to  guarantee  with 
this  thickness  a  preservation  of  combustion-chamber  strength  for  the 
operating  pressure  of  p„-„  =  130  atm.  Test  firings  of  the  engines  used 
In  the  "Tayfun-P"  missile,  when  no  heat-insulation  coatings  were  em¬ 
ployed,  resulted  In  the  destruction  of  the  combustion  chambers.  To 
preserve  the  strength  of  the  combustion  chamber  It  became  necessary  to 
Increase  the  thickness  of  the  walls  by  a  factor  of  more  than  two.  In 
this  case,  the  weight  of  the  engine  also  almost  doubled,  thus  reducing 
the  maximum  velocity  of  the  missile  to  87O-920  m/sec,  whereas  a  mis¬ 
sile  with  a  heat-lnsulatlon  coating  and  6  =  2.0  mm  exhibited  a  velocity 
of  v^av  =  ^500  m/sec. 

At  the  present  time,  the  new  structural  materials  such  as  plas¬ 
tics  have  fovind  widespread  application  In  rocket  engineering.  Includ¬ 
ing  the  field  of  rocket  engine  construction;  among  the  plastics,  we 
refer  primarily  to  various  types  of  glass-filled  plastics. 

Glass-filled  plastics  are  compositions  consisting  of  a  reinforc¬ 
ing  high-strength  filler  and  a  polymerized  binder  throT;igh  which  this 
filler  Is  distributed.  Fiberglass  or  glass  cloth  Is  used  most  fre¬ 
quently  In  structxjral  glass-filled  plastics.  Various  synthetic  resins 
such  as,  for  exan^le,  the  epoxies,  the  phenols,  special  polyesters, 
etc.,  are  used  as  the  basic  binder  depending  on  the  requirements  Im¬ 
posed  on  the  material  and  the  operating  conditions  for  the  component 
parts. 

Structural  glass-filled  plastics  are  characterized  by  extremely 
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high  tensile  stresses.  For  example,  with  a  glass-cloth  and  epoxy-resin 


t 


base  It  Is  possible  to  obtain  materials  exhibiting  0^  =  4000-4500 
kg/cm^  and  a^  »  150  kg*cm/cm^,  for  a  specific  weight  of  y  =  1.7-1. 8 
g/cm^.  The  comparative  tensile  strength  of  glass-filled  plastics  with 
respect  to  certain  other  structural  materials  can  be  shown  by  the  fol¬ 
lowing  flgiires*: 

alloyed  steel .  900  (a^  »  J,000  kg/cm^) 

heat-treated  alloyed  steel .  I800  (a^«l4,000  kg/cm^) 

high-strength  alloyed  steel .  2000  16,000  kg/cm  ) 

high-strength  alumlnimi-based  alloy .  2100  (0^  «  6,000  kg/cm^) 

tltanliim  alloy .  2800  (0j,»13>OOO  kg/cm^) 

fiberglass  plastic  with  conventional  Im¬ 
pregnation .  2150  (0J,  »  3>850  kg/cm^) 

fiberglass  plastic  with  special  Impregnation  2950  (0^  »  5^250  kg/cm^) 

(0^  Is  the  breaking  strength) 

While  exhibiting  high  tensile  strength,  glass-filled  plastics 
also  exhibit  low  thermal  conductivity  a  «  0.002  cal/cm* deg* sec 

^ “stall  cal/cm* deg* sec;  Oalyiun  =  cal/cm* deg* sec)  and  are 

therefore  simultaneously  both  structural  and  heat-lnsulatlon  materials 
which  function  satisfactorily  under  conditions  Involving  temperatures 
of  the  order  of  2000-2500°C  for  short  periods  of  time. 

Let  us  cite  several  examples  of  the  application  of  plastics  In 
the  designs  of  rocket  missiles: 

—  on  the  "Nike -Hercules"  missiles  and  on  certain  other  mlsslle- 
Interceptors  (USA)  warheads  have  been  Installed  and  their  frames  (bod¬ 
ies)  are  made  of  glass-filled  textollte  [a  re sin -Impregnated  laminated 
cloth]  (by  the  Aerojet-Oeneral  Company); 

—  the  cross-shaped  wing  of  the  antitank  rocket  missile  "Vickers 
891"  (Qreat  Britain)  Is  made  of  glass-filled  plastic  material; 
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—  stabilizers  made  of  glass-filled  textollte  are  mounted  on  the 
U. S.  Navy  air  missile  "Talos"; 

—  the  Contravers  Company,  In  cooperation  with  the  Erllcon  B  Com¬ 
pany  (Switzerland),  developed  model  56  of  the  RSC-1  "ground-to-air" 
missile  class,  whose  engine  frame  Is  made  of  fiberglass  impregnated 
with  a  special  organic  adhesive  con?)osltlon; 

—  the  Relnhold  Company  (USA)  designed,  developed,  and  imdertook  a 
test  production  r;in  of  an  artillery  rocket  missile  with  a  solld-propel- 
lant  engine  made  entirely  of  plastics; 

—  finally,  the  Inner  heat-lnsulatlon  of  the  frame  of  the  solid- 
propellant  engine  used  In  the  anti-missile  "Nlke-Zeus"  missile,  which 
operates  for  a  period  of  60  sec.  Is  a  lining  made  of  glass-filled  tex¬ 
tollte. 

The  component  parts  of  a  rocket  missile  can  be  fabricated  out  of 
glass-filled  plastics  by  means  of  a  wrapping  method  (the  nose  spinner, 
the  body  of  the  combustion  chamber,  a  nozzle)  or  by  means  of  extrusion 
(spacers,  the  grid,  the  nozzle,  stabilizers). 

With  the  wrapping  method,  the  glass  cloth  (or  a  strip  of  glass 
threads).  Impregnated  with  a  binder.  Is  wound  In  several  layers  on  a 
special  rigid  mandrel.  The  mandrel  Is  placed  Into  a  thermostat  together 
with  the  material  wound  on  the  mandrel,  and  the  binder  Is  polymerized 
In  the  thermostat  where  the  material  hardens.  After  the  required  length 
of  time  In  the  thermostat,  the  mandrel  Is  removed  and  the  finished 
product  taken  off. 

Plastics  are  extruded  In  special  heated  dle-castlng  molds.  The 
polymerization  of  the  binder  takes  place  diirlng  the  time  that  the  com¬ 
ponent  part  Is  kept  In  the  closed  dle-castlng  mold. 

In  the  design  of  component  parts  made  of  glass-filled  plastics  It 
should  be  borne  In  mind  that  Individual  critical  cross  sections  of  com- 


ponent  parts  can  be  reinforced  by  the  introduction  of  steel  fittings 
Into  the  structure  of  these  component  parts. 

On  the  other  hand,  ways  have  been  found  of  Increasing  substan¬ 
tially  the  strength  of  the  glass-filled  plastics  themselves  In  the 
near  future.  One  of  these  means  Is  the  attempt  to  Increase  the  adhesion 
of  the  binder  to  the  fiberglass  by,  for  example,  the  preliminary  treat¬ 
ment  of  the  filler  by  means  of  special  silicon-organic  compounds.  These 
compounds  are  capable  of  forming  chemical  bonds  both  with  the  glass  as 
well  as  with  the  resins  In  the  composition  of  the  binder.  In  the  final 
analysis,  the  glass-filled  plastics  become  more  monolithic  and  their 
strength  Increases. 

Another  method  Is  the  attempt  to  use  a  stronger  filler  —  quartz 
fibers,  etc.  Here,  strength  Is  Increased  only  In  those  structures  In 
which  the  basic  load  Is  transmitted  to  the  filler. 

Examples  of  structural  glass-filled  plastics  are  such  materials 

as  "roketon  [sic],"  "mlssaylon  [sic],"  "orblton  [sic],"  and  some  others,* 

which  have  found  widespread  application  In  rocket  building  in  the  USA. 

§2.  SELECTION  OP  DIAGRAM  FOR  CONNECTION  OP  ROCKET  PART  OF  MISSILE  TO 
THE  WARHEAD  AND  NOZZLE  ASSEMBLY 

It  Is  possible  to  connect  the  rocket  part  of  the  missile  with  the 
warhead  either  directly  or  by  means  of  a  transition  element,  l.e.,  a 
connection  plate. 

Direct  connection  Is  possible  If  either  the  warhead  has  a  bottom 
plate  (Pig.  5*^a),  or  the  tube  of  the  combustion  chamber  has  a  blind 
end  (Fig.  Of  the  two  possible  methods  for  the  case  In  which  the 

missile  warhead  has  a  bottcxn  plate,  all  other  conditions  being  equal. 

It  Is  best  to  select  the  first  version.  This  method  provides  for  per¬ 
manence  of  Joints  under  the  action  of  the  high  presstires  within  the 
combustion  chamber,  which  ejq>and  the  combustion  chamber  clrcmferen- 
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Pig.  5.4.  Structural  means  of 
connecting  the  warhead  and  the 
rocket  part  of  the  missile 
without  vising  a  connection 
plate. 

pn  Is  the  pressure  due  to  the 
^ttlngs. 


Pig.  5.5.  Comparison  of  two  methods  of  connect¬ 
ing  the  warhead  of  the  missile  to  the  rocket 
part. 


Pig.  5.6.  Structural  methods  of  connecting  the 
warhead  and  rocket  parts  of  the  missile  by 
means  of  a  connecting  plate. 

tlally,  since  the  bulging  forces  at  the  end  of  the  tube  are  borne  by 
the  rigid  element  of  the  warhead.  Generally  speaking,  the  fabrication 
of  a  weirhead  with  a  blind  bottom  plate  exhibits  a  nvimber  of  substan¬ 
tial  shortcomings  In  and  of  Itself  (difficulty  In  the  mechanical  proc¬ 
essing  of  the  Inside  cavity  of  the  combustion  chamber,  the  Impossibil¬ 
ity  of  utilizing  advanced  methods  of  outfitting,  etc. )  and  this  method 
Is  therefore  used  only  where  absolutely  necessary. 

Of  the  two  remaining  methods.  It  Is  most  expedient  to  vise  the 
second.  The  shortcomings  of  the  first  method  In  con5)arlson  with  the 
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second  method  In  this  case  are  the  following: 

—  the  pressure  (pn)  due  to  the  fittings,  said  pressiire  arising  at 
the  Instant  of  missile  In^jact  against  an  obstacle  and  expanding  the 
walls  of  the  warhead  is  borne,  in  the  second  case,  by  the  rigid  collar 
of  the  combustion-chamber  frame,  so  that  the  possibility  of  the  Joint 
opening  at  the  Instant  of  Impact  or  premature  explosion  is  completely 
eliminated; 

—  it  is  extremely  difficult  to  attain  complete  agreement  between 
the  outline  of  the  inner  contoiu?  of  the  combustion  chamber  and  the 
head,  from  a  production  standpoint,  dvirlng  the  fabrication  (production 
processing)  of  the  component  parts.  In  practice,  we  will  always  have 
an  error  6'  in  component -part  dimensions  (Fig.  5*5)»  and  this  makes 
high-grade  fitting  out  of  the  warhead  difficult  nor  does  it  make  it 
possible  to  make  use,  for  example,  of  the  liner  method  of  outfitting, 
said  method  exhibiting  great  advantages; 

—  the  spacer  which  provides  for  the  selection  of  the  clearance  A 
between  the  bottom  plate  and  the  head  part  has  the  shape,  in  the  first 
case,  of  a  narrow  ring  (Pig.  5*5)*  In  mounting  (screwing  on)  the  com¬ 
ponent  parts,  we  find  that  this  spacer  is  easily  deformed  and  falls  to 
carry  out  its  functions. 

An  analysis  of  the  possible  types  of  connection  devices  for  the 
warhead  and  rocket  parts  allow  us  to  draw  the  conclusion  that  in  con¬ 
necting  these  parts  by  means  of  a  connection  plate,  from  the  stand¬ 
point  of  strength  and  permanence  of  Joint,  the  best  version  of  all 
possible  structvo'al  versions  (Fig.  5*6)  is  the  one  in  which  the  com¬ 
ponent  psu'ts  being  connected  are  encompassed  by  the  structiu'al  ele¬ 
ments  of  the  connecting  plate  (Fig.  5«6d).  Other  connections  may  be 
used  only  when  they  are  made  necessary  for  some  specific  reason  and 
only  if  the  strength  of  the  Joint  and  the  hermetic  sealing  of  the  Joint 
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will  be  assxired  In  each  particular  case. 

All  that  has  been  said  about  the  connection  of  the  warhead  to  the 
rocket  part  pertains  In  equal  measure  to  the  second  Joint  between  the 
rocket  part  and  the  nozzle  assembly.  And  here,  the  most  advantageous 
connection  version  Is  the  one  In  which  the  combustion  chamber  Is  cov¬ 
ered  by  a  nozzle  cover.  We  must  bear  In  mind  only  that  there  are  In¬ 
creased  requirements  Imposed  on  this  type  of  connection,  since  the 
nozzle  part  of  the  engine  Is  subject  to  greater  temperature  stresses. 

§3.  STRENGTH  CALCULATIONS  FOR  THE  BASIC  COMPONENTS  OP  THE  COMBUSTION 
CHAMBER 

The  body  of  the  combustion  chamber.  The  basic  stress-bearing  com¬ 
ponent  part  of  the  combustion  chamber  Is  Its  cylindrical  frame.  The 
frame  (body)  of  the  combustion  chamber  Is  subjected  to  a  pressure 
Prasch  uniformly  distributed  over  the  Inner  surface,  and  It 

Is  also  subjected  to  axial  forces  of  elongation  which  appear  as  a  re¬ 
sult  of  the  pressure  against  the  side  covers  of  the  combustion  chamber. 


3^==:- 
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Pig.  5.7.  Design  diagram  of  loads,  for  veri¬ 
fication  of  strength  of  middle  section  of 
combustion- chamber  tube. 


For  the  design  of  the  middle  part  of  the  frame  cylinder  we  can  use 
the  relationships  of  the  momentless  theory  of  shells,  neglecting  the 
effect  of  the  bending  at  the  edges,  and  we  can  make  use  of  the  design 
diagram  of  the  loads  presented  In  Pig.  5.7. 
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A  stress  field  Is  produced  by  the  action  of  this  load  In  the  wall 
of  the  combustion  chamber,  and  each  point  in  this  field  Is  character¬ 
ized,  In  the  general  case,  by  three  stresses  (Pig.  5.8):  a  circum¬ 
ferential  stress  Oq,  a  radial  stress  a^,  and  an  axial  stress  a^. 


Pig.  5.8.  Diagram  indicating  distribu¬ 
tion  of  main  stresses  acting  on  the  wall 
of  the  combustion-chamber  tube. 

Let  us  find  the  relationships  which  determine  these  stresses 
in  terms  of  the  structural  dimensions  of  the  combustion  chamber  and 
let  us  also  determine  the  characteristics  of  the  material  used  in 
building  the  frame. 

For  the  determination  of  Og  let  us  examine  the  equilibrium  of 
that  part  of  the  cylinder  cut  by  two  meridional  and  equatorial  sec¬ 
tions  (Pig.  5.9).  Since  the  wall  of  the  combustion  chamber  may  be 
regarded  as  thin,  we  will  assume  that  the  stress  Og  is  constant 
throughout  the  thickness  of  the  wall  and  distributed  uniformly  with¬ 
in  the  wall.  Given  this  ass\unptlon,  the  equation  of  the  equilibrium 
of  the  cut-out  part,  in  its  projection  onto  KK,  will  be 

ai28/— is  the  length  of  the  engine)  (5.1) 
where  the  resultant  of  the  pressure  forces  is  found  by  the  familiar 
theorem  on  the  resultant  of  pressure  forces  in  a  given  direction: 
the  resultant  of  pressure  forces,  uniformly  distributed  over  some 
contour,  in  a  given  direction  is  equal  to  the  product  of  the  pressure 
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Fig.  5.9.  Stresses  0g  in  the  wall  of  the  com¬ 
bustion  chamber. 


onto  the  projection  of  the  closing  line  of  this  contour  by  the  given 
direction  (Pig.  5.10): 

ABs\m=^p*CB. 

Prom  Eq.  (5.1)  we  will  obtain 

(5.1') 

or  from  the  caliber  d  of  the  missile 

80  ~PptcH  —  ^  •  (5.1) 

since 

The  stresses  a  arise  in  the  lateral  cross  section  of  the  tube 
z 

as  a  result  of  the  axial  elongation  force.  We  can  see  from  the  force- 
distribution  pattern  (see  Pig.  5.7)  that  two  forces  are  acting  on  the 
chamber  in  a  longitudinal  direction:  Pj,asch^^^  acting  on  the 

forward  connecting  device;  (Ppasch^’^^^n/^^  "  ^Prasch'^kr^  * 
force  acting  on  the  nozzle  cover  (the  Lanzheven  coefficient  ^  is 
employed  to  take  into  consideration  the  redistribution  of  pressure 
over  the  nozzle  cover  during  the  outflow  of  gases  through  the  nozzle) . 

If  two  unequal  forces  act  on  the  body  in  the  opposite  direction, 
the  body  will  shift  and  be  elongated.  In  this  case,  the  elongation 
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force  will  be  the  smaller  of  the  ac¬ 
tive  forces,  and  the  force  causing 
the  body  to  move  will  be  given  by 
the  difference  between  the  active 
forces.  With  respect  to  our  case,  it 
will  turn  out  that  the  combustion 


Pig.  5.10.  For  the  calculation 
of  the  resultant  produced  by 
the  forces  of  internal  pressure 
Prasch'  pressure  acting 

on  the  contour  AB;  a)  angle  be¬ 
tween  the  closing  lines  of  the 
contour  and  the  given  direction 
KK. 


chamber  will  be  subject  to  elongation 
by  the  following  force; 

(5.2) 

and  it  will  move  under  the  action  of 


the  following  force: 


where  is  the  force  of  thrust . 

Under  the  action  of  the  force  p^  in  the  lateral  cross  section  of 
the  chamber,  there  will  arise  stresses  that  are  equal  to  the  follow¬ 
ing  (in  accordance  with  the  definition  of  the  stresses) 


jQ _ = 


(5.3) 


where  d  Is  the  outer  diameter  of  the  combustion- chamber  tube;  dj^ 
is  the  diameter  of  the  critical  cross  section  of  the  nozzle. 

Finally,  with  respect  to  the  stress  it  is  not  difficult  to 
see  that  this  stress  will  have  its  greatest  value  on  the  inner  sur¬ 
face  of  the  chamber: 
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(5.4) 


and  this  stress  diminishes  to 

0^=0  (more  exactly  to 

on  the  outer  (free)  surface  of  the  tube  (pj^  is  the  external  pressure) . 

Thus  all  three  of  the  main  stresses  that  arise  within  the  wall 
of  a  combustion  chamber  under  the  action  of  the  Inside  pressure  have 
been  found: 


- - 


gaiais  ^ 
f 


(5.5) 


A  comparison  of  the  algebraic  magnitudes  of  the  stresses  Oq,  a^, 
and  shows  that  in  terms  of  the  main  stresses  the  greatest  of  these 
-  —  is,  as  a  rule,  the  stress  Og,  and  the  smallest  —  —  is  the 

stress  a^,  even  if  it  attains  its  maximum  value. 

The  strength  calculation  involves  the  successive  solution  of 
two  basic  problems.  The  first  of  these  problems  —  the  structural  cal¬ 
culation  —  can  be  reduced  to  a  tentative  determination  of  the  wall 
thickness  6  which  for  the  selected  component-part  material  (with 
known)  must  provide  for  the  preservation  of  the  structural  strength 
with  a  margin  under  a  load  of  pressure  Pj,agQh*  solution  of 

this  problem  we  generally  take  into  consideration  only  the  greatest 
of  the  active  stresses  (in  our  case,  Og)  and  we  determine  the  re¬ 
quired  thickness  from  the  following  condition; 

Substltutlr^  into  this  equation  the  values  of  Og  from  (5.1”) 
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we  will  find  6  to  be  equal  to 

(5.6) 

The  quantity  Pj.agch’  entering  Into  this  formula,  Is  calculated 
as  follows: 

(5.7) 

where  the  coefficients  and  kg  are  employed  to  take  Into  considera¬ 
tion  the  regulated  tolerances  for  the  scattering  of  pressure  In  the 
case  of  various  batches  of  powders  and  the  elimination  of  pressure 
on  the  Ignition  of  the  charge;  Is  the  maximum  pressure  cal- 

culated  according  to  the  balance  equation  for  the  extreme  positive 
temperature  from  the  temperature  Interval  stipulated  In  the  tactical- 
technical  requirement . 

The  determination  of  the  thickness  of  the  wall  according  to 
(5.6)  will  make  It  possible  to  estimate  the  weight  qj^  of  the  engine 
In  this  case,  we  may  use  the  tentative  relationship: 

or  after  rearrangement 

^,^41  (5.8) 

where  y  Is  the  specific  weight  of  the  tube  material;  d  Is  the  caliber 
of  the  missile;  6  Is  the  thickness  of  the  engine  wall. 

If  qj^  (in  kg)  does  not  fall  within  the  limits  permitted  accord¬ 
ing  to  the  tactical-technical  requirements  for  the  weight  of  the 
engine.  It  becomes  necessary  to  replace  the  material  with  a  stronger 
material  or  It  Is  necessary  to  reexamine  the  Interior  ballistics  of 
the  engine,  so  as  to  bring  the  weight  of  the  engine  within  the  re¬ 
quired  limits. 

After  the  correction  of  the  quantity  6  the  second  strength- cal- 
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culation  problem  is  solved,  l.e.,  the  verification  calculation.  In 
the  verification  calculation  the  true  stressed  state  at  the  critical 
point  of  the  chamber  wall  is  estimated  and  the  true  strength  margin 
of  the  structure  is  determined.  With  the  adopted  assumptions  with 
respect  to  the  nature  of  stress  distribution  through  the  thickness 
of  the  wall,  we  will  find  that  the  critical  point  will  be  the  one 
that  lies  on  the  inner  surface  of  the  tube  and  has  the  main  stresses: 


BK 


In  the  case  of  a  multiaxlal  stressed  state,  the  concept  of 
equivalent  stress  is  employed  in  order  to  determine  the  strength 

of  the  component  part  at  the  critical  point.  By  equivalent  stress  we 
mean  the  conditional  tensile  stress  whose  effect  at  this  point  pro- 
duces  the  same  stressed  state  as  the  effect  of  the  true  main  stresses. 
This  definition  of  equivalent  stress  makes  it  possible  to  write  the 
conditions  of  component-part  strength  in  the  case  of  a  complex 
stressed  state  in  the  following  form 

and  the  true  strength  margin  ?  can  be  defined  as  the  ratio  of  these 
stresses: 

C*— 


For  the  calculation  of  equivalent  stress  it  is  necessary  for  us 
to  know  which  factor  of  the  stressed  or  strained  state  is  the  deter¬ 
mining  factor  for  the  destruction  of  the  component  part.  To  this 
time,  the  nature  of  the  destruction  of  various  materials  and  com¬ 
ponent  parts  made  of  these  materials  has  not  been  studied  with  suf- 
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flclent  adequacy  to  enable  us  reliably  to  seek  some  equivalent  state 
and  the  conditional  equivalent  stress  which  corresponds  to  this 
state.  There  are  only  Individual  hypotheses  In  this  regard  and 
these  are  referred  to  as  strength  theories. 

For  materials  such  as  tough  steels  we  obtain  good  agreement  be- 
tween  theory  and  experiment  through  the  use  of  the  so-called  theory 
of  the  strength  of  maximum  tangential  stresses,  according  to  which 

(5.9') 

or  through  the  theory  of  the  strength  of  the  maximum  energy  of  shape 
change,  according  to  which 

**"*'7T^  ^  (5.9") 

where  a^,  and  are  the  main  stresses;  v  is  the  coefficient 
by  means  of  which  we  take  into  consideration  certain  properties  of 
the  material,  and  which  for  steel  is  equal  to  unity. 

The  questions  related  to  the  various  theories  of  strength  and 
the  calculation  of  equivalent  stresses  are  considered  in  greater 
detail  in  special  literature  on  this  problem  as  well  as  in  textbooks 
dealing  with  the  resistance  of  materials. 

The  verification  calculation  will  make  it  possible  finally  to 
refine  the  unit  6,  which  provides  for  the  required  margin  of  struc¬ 
tural  strength. 

If  the  walls  of  the  combustion  chamber  are  not  coated  with  a 
heat- insulating  material,  we  must  take  into  consideration  the  effect 
of  temperature  on  the  strength  of  the  engine.  This  effect  makes  itself 
felt  primarily  in  the  appearance  of  auxiliary  stresses  within  the 
walls  of  the  combustion  chamber,  said  stresses  proportional  to  the 
magnitude  of  the  ten5)erature  difference  across  the  wall.  These  stresses 
are  referred  to  as  tenperature  stresses.  In  first  approximation,  it 
may  be  maintained  that  the  temperature  stresses  and  the  stresses  due 
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to  pressure  are  Independent  of  each  other,  so  that  the  total  stresses 
can  be  sought  in  the  following  manner: 

where  is  the  total  stress  determined  by  the  effects  of  tempera¬ 
ture  and  pressure;  Is  the  stress  component  by  means  of  which  we 

take  into  consideration  the  effect  of  pressure  alone;  and  is  the 
stress  component  by  means  of  which  we  take  into  consideration  the 
effect  of  temperature  alone. 

The  components  can  be  calculated  in  accordance  with  Formulas 

(5.5). 

T 

The  temperature  stresses  are  functions  primarily  of  the  tem¬ 
perature  difference  across  the  wall  of  the  engine  and  the  geometric 
characteristics  of  the  lateral  cross  section  of  the  tube.  The  formulas 
for  the  calculation  of  the  temperature  stresses  have  the  following 
form: 


o^=£«Ar d,  J), 


(5.10) 


where  E  is  the  modulus  of  elasticity  for  the  wall  material;  a  is  the 
thermal  conductivity  of  the  wall  material;  m-  is  the  Poisson  ratio; 
f^(d,  6),  f2(M'»  ^)  snd  certain  functions  by  means 

of  which  we  take  into  consideration  the  effect  of  the  geometric  char¬ 
acteristics  of  the  tube  cross  section  on  the  temperature  stresses; 
ATmax  theoretical  temperature  difference  across  the  engine 

wall . 

One  of  the  most  complex  problems  associated  with  the  calculation 
of  the  temperature  stresses  is  the  determination  of  the  temperature 
difference 


•.  (Tmt— 


where  =  T(t)  is  the  time- varying  temperature  of  the  metal  at  the 
inner  surface  of  the  tube;  =  T(t)  is  the  time- varying  temperature 
of  the  metal  at  the  outer  (external)  surface  of  the  tube. 

In  order  to  select  the  rated  we  must  know  how  the  tem¬ 

perature  changes,  with  respect  to  time,  at  the  boundaries  of  the  wall. 
The  nature  of  the  change  =  T(t)  and  =  T(t)  is  a  function  of 
the  temperature  in  the  combustion  chamber  and  of  certain  physical 
characteristics  of  the  stream  of  the  products  of  combustion,  moving 
along  the  inner  wall  of  the  engine,  as  well  as  of  the  thickness  and 
the  heat- coniduct Ion  properties  of  the  wall  and,  finally,  of  the  param¬ 
eters  of  the  stream  flowing  past  the  outer  wall  of  the  tube.  At  the 

initial  instant  of  rocket- engine  operation,  let  the  temperature  of 

s  t 

the  engine  wall  be  Tq  .  Then,  during  the  powder- burning  process  a 
fraction  of  the  heat  due  to  radiation  and  convection  will  be  trans¬ 
mitted  from  the  hot  products  of  combustion  (T^*®  =  2200°K)  to  the 
"cold"  (Tq^  «  T^-®)  wall.  The  flow  of  heat  will  be  received  by  the 
inner  surface  of  the  engine  wall.  The  heat  absorbed  by  the  wall  will 
in  part  accumulate  in  the  layers  of  metal  adjacent  to  the  inner 
boundary  of  the  tube  and  in  part  be  transmitted  to  the  outer  layers 
of  the  metal.  As  a  result  of  the  accumulation  of  heat,  the  tempera¬ 
ture  of  the  inner  layers  will  increase  rapidly,  tending  at  the  maxi¬ 
mum  to  the  temperature  T^*®  of  the  products  of  combustion.  The  trans¬ 
fer  of  heat  to  the  outer  layers  of  the  metal  will  in  turn  result  in 
the  Increased  temperature  of  these  layers.  With  an  Increase  in  the 
tenperature  of  the  outer  boundary  of  the  wall,  a  fraction^  of  the  heat 
will  be  radiated  into  the  external  flow  which  flushes  the  engine.  The 
rate  of  temperature  Increase  for  the  inner  and  outer  walls,  as  well 
as  the  distribution  of  the  temperatures  in  the  wall  cross  section, 
are  determined  by  the  relationship  between  the  processes  of  heat  ab- 

-  215  - 


sorption  and  heat  conduction,  the  properties  of  the  wall  material, 
the  radiation  of  heat  to  the  external  medium,  and  certain  other  fac¬ 
tors  . 

The  solution  of  the  problem  re¬ 
lating  to  the  nonsteady-state  heating 
of  the  wall  is  comparatively  complex 
and  is  therefore  not  presented  here. 
The  nature  of  the  change  of  the  tem¬ 
perature  field  of  the  wall,  with  re¬ 
spect  to  time,  is  illustrated  in 
Pig.  5.11. 

If  we  take  into  consideration  the 

Pig.  5.11.  Change  in  the  tern-  temperature  stresses,  the  stressed 
perature  field  in  the  case  of 

nonsteady- state  heating  of  the  state  of  the  critical  tube  point  will 
combustion-chamber  wall  of  a 

solid- propellant  rocket  engine  be  characterized  by  the  total  stresses: 

p^,  p^,  t’^)  pressure,  density,  ^  . 

and  temperature,  respectively,  | /i (^« *)» 

of  the  external  medium;  p^'®,  ^-(4,  ,  ^  ^  ,  (5.11) 

P.S  mP»S\  J  4.  - \ - 

pressure,  density, 
and  temperature,  respectively, 
of  the  products  of  combustion; 

qp  flow  of  heat  to  the  wall  ^  ^ 

of  the  combustion  chamber;  qp) 

flow  of  heat  to  the  ambient  atreaeea,  and  the  eubscrlpte  to  the 

J?,’  atresaes  are  dlatrlbuted  In  the  follow- 

by  the  wall . 

ing  manner,  as  before: 

The  heating  of  the  wall  results  not  only  in  the  appearance  of 
additional  stresses,  but  it  is  also  important  to  bear  in  mind  that 

with  a  change  in  the  temperature  of  the  wall  there  is  a  change  in  the 

/ 

permissible  stress  for  the  given  material.  In  this  connection,  it  is 
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necessary  to  Introduce  into  the  calculation  the  quantity 
rather  than  the  standard  value  of  the  first  quantity  Is  deter¬ 
mined  for  some  mean  temperature  of  the  engine  wall. 

If  we  take  Into  consideration  the  temperature  stresses  and  the 
reduction  of  the  permissible  stress  In  the  heating  of  the  wall,  the 
formula  for  the  structural  calculation  takes  the  following  form: 

- , 

2|pp.c«  +  -;^(»*)r  — •ij  (5.12) 


In  which  case,  given  comparatively  low  temperature  differences 
(given  uniform  heating  of  the  wall),  we  can  use  the  simplified  re¬ 
lationship 


(5.12‘) 


Pig.  5.12.  Selection  of  diagram  for  veri¬ 
fication  of  the  strength  of  the  forward  con¬ 
nection  plate  of  the  combustion  chamber. 


The  condition  for  the  verification  calculation  takes  the  follow¬ 
ing  form: 

Om<  (Od)  f 

Given  uniform  heating  of  the  wall,  the  temperature  components 
of  stress  can,  in  first  approximation,  be  neglected  in  the  calcula- 
tion  of 

The  connection  plate.  The  connection  plate  connects  the  combus¬ 


tion  chamber  with  the  warhead  of  the  missile.  The  basic  load  acting 
on  this  component  part  is  the  pressure  Pp^sch  distributed  uniformly 
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Pig.  5«13.  Load  diagram  for  a  circular- 
plate  element.  6)  Instantaneous  section 
angle;  dr,  dS)  dimensions  of  the  ele¬ 
mentary  surface  In  the  plane  of  the  con¬ 
nection  plate;  h)  height  of  the  surface 
(thickness  of  tEe  wall);  Mg)  bending 

moments;  o^,  ag)normal  stresses  at  the 

sides  of  the  surface. 


over  the  plate.  Strictly  speaking,  the  contour  employed  to  test  the 
strength  of  this  component  part  should  be  the  round  plate  (pinched 
along  its  contour)  which  lies  on  an  elastic  base,  l.e.,  the  fittings 
of  the  missile  warhead  (Pig.  5.12a).  However,  in  practical  calcula¬ 
tions  we  most  frequently  use  the  simplified  diagram  shown  in  Pig. 
5.12b),  neglecting  the  presence  of  this  elastic  base. 

Plgure  5.13  shows  a  diagram  of  the  forces  and  moments  acting  on 
an  element  of  the  round  plate  as  well  as  the  determining  stresses  at 
the  sides  of  this  element. 

We  will  not  attempt  a  conclusion^  at  this  point,  but  will  present 
the  final  formula  for  the  calculation  of  the  stresses  which  determine 
the  strength  of  the  component  part.  These  formulas  (for  those  points 
lying  on  the  outer  contour  of  the  plate)  take  the  following  form; 
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The  structural  design  of  the  component  part  is  carried  out  on 

the  basis  of  the  stresses  In  this  case,  the  thickness  of  the 

r 

wall  Is  determined  by  the  caliber  of  the  missile  In  accordance  with 
the  following  relationship 


in  the  form 


(5.14) 


Since  the  presence  of  an  elastic  pad  BB  in  an  actual  structure 
reduces  a  portion  of  the  active  load,  the  thickness  6  of  the  plate 
wall,  determined  from  (5.14),  will  assure  the  strength  of  the  com¬ 
ponent  part.  In  this  connection,  the  verification  calculation  for  the 
plate,  as  a  rule.  Is  not  carried  out.  Moreover,  we  can  select  a  coef¬ 
ficient  k  <  1  such  that 


will  provide  for  the  strength  of  the  connection  plate. 

.  For  a  preliminary  evaluation  of 


the  magnitude  of  6,  we  can  use  the 
following  relationship; 


Fig.  5.14.  Diagram  of  distribu¬ 
tion  of  rated  load  on  the  wall 
of  a  rocket  nozzle. 

flare  angle  of  the  outlet 
funnel  of  the  nozzle. 


(5.15) 


In  the  practice  of  designing 
reaction-thrust  armament  we  may  en¬ 


counter  cases  In  which  a  convex  shape  Is  Imparted  to  the  connection 


plate  In  order  to  Increase  the  rigidity  of  the  connection  plate  or 
for  certain  other  purposes  (the  Improvement  of  the  fragmentation  of 
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the  combustion  chamber  on  the  explosion  of  the  warhead,  etc.).  In 
this  case,  the  strength  calculation  for  the  component  part  becomes 
even  more  cumbersome.  In  first  approximation,  it  is  possible  to  cal¬ 
culate  the  required  thiclcness  of  the  wall  of  the  convex  connection 
plate  by  means  of  Formulas  (5.1^)  and  (5-^5) >  bearing  in  mind  that 
the  quantity  6  will,  in  this  case,  be  determined  with  some  excess. 

The  nozzle  assembly  of  the  combustion  chamber.  The  nozzle  as¬ 
sembly  can  be  made  in  the  form  of  a  nozzle  cover  or  in  the  form  of 
a  single  central  nozzle. 

Figure  5.1^  shows  a  diagram  of  the  load  acting  on  the  walls  of 
a  single  nozzle.  Under  the  action  of  the  component  of  this  load,  the 
nozzle  walls  become  elongated  in  the  radial  direction,  as  a  result 
of  which  stresses  arise  within  the  wall; 

t  h 

where  p^  is  the  static  pressure  in  the  i^  section  of  the  nozzle 
(diameter  d^^). 

In  accordance  with  the  elementary  theory  of  nozzles,  this  pres¬ 
sure  is  determined  from  the  following  relationship: 

where  Pq  is  the  pressure  in  the  combustion  chamber;  is  the  M(ach) 
number  of  the  flow  in  the  i^  section,  said  number  determined  in 
turn  by  the  magnitude  of  the  area  Fj^  of  the  1  section. 


^kr  area  of  the 

Finally,  for  some 


*+i 


critical  cross  section  of  the  nozzle. 

1^^  section  of  the  nozzle  the  mlnlmxam  wall 
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thickness  which  will  ensure  the  strength  of  the  component  part  with 
a  strength  margin  C  Is  determined  as  follows: 


(O/ 


Pftn 


(5.16) 


The  stressed  temperature  conditions  In  the  nozzle,  and  parti¬ 
cularly  In  the  region  of  the  critical  cross  section,  make  it  neces¬ 
sary  to  fabricate  thicker  nozzle  walls  than  would  be  required  in  ac¬ 
cordance  with  (5.16).  The  additional  mass  of  the  metal  Increases  the 

quantity  of  heat  removed  from  the  inner  surface  of  the  nozzle  profile 

\ 

thus  preventing  overheating  and  metal  erosion,  caused  by  the  action 
of  a  high-velocity  stream  of  gas  against  the  overheated  wall.  In  the 
case  of  large  flow  rates  and  operating  times,  special  graphite, 
molybdenum,  or  other  heat-resistant  liners  are  employed  in  the 
throat  (the  critical  cross  section)  to  prevent  the  formation  of 
scale  on  the  nozzles .  The  temperature  drops  rapidly  in  the  diverging 
part  of  the  nozzle  and  the  temperature  effect  on  nozzle  wall  strength 
can  be  neglected.* 

In  fabrication  of  the  nozzle  assembly  in  the  form  of  a  nozzle 
cover,  the  thickness  of  the  component  part  is  determined  by  the 
linear  dimensions  of  the  nozzle,  and  this  thickness,  as  a  rule,  en¬ 
sures  the  strength  of  the  connection  plate  with  multiple  margin 
(Fig.  5.15a).  The  strength  of  such  a  component  part  need  not  be 
checked  again.  Even  in  the  case  of  a  prefabricated  multinozzle  as¬ 
sembly  (Pig.  5.15b)  the  thickness  is  after  all  determined  on  the 
basis  of  structural  and  production  considerations,  rather  than  on  the 
basis  of  strength.  For  purposes  of  control  it  might  be  borne  in  mind 
that  the  connection  plate  will  be  strong  in  the  case  of  a  multi- 
nozzle  assembly  if  the  minimum  thickness  of  the  con^onent  part  is  not 
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made  smaller  than  the  thickness  of  the  forward  connection  plate, 
said  thickness  calculated  on  the  basis  of  the  formulas  cited  above. 

Threaded  Joints  of  combustion-chamber  units.  The  most  common 
Joint  for  the  combustion  chamber  of  a  missile  with  the  warhead  and 
the  nozzle  coven  Is  one  Involving  threading.  The  thread  may  turn  out 
to  be  a  weak  point  in  the  construction  of  the  missile,  especially  In 
the  case  of  turbojet  missiles  In  which  great  rpm  produce  additional 
load,  markedly  reducing  the  effectiveness  of  the  threaded  Joint. 


Pig.  5.15.  with  respect  to  the  problem  of  check¬ 
ing  the  strength  of  the  nozzle  cover  made  In  the 
form  of  a  multinozzle  assembly.  6  <  6^, 

^i^g  were  determined  on  the  basis  of  structural 

and  production  considerations. 

Figure  5.16  shows  the  load  diagram  for  a  threaded  Joint  that  is 
characteristic  for  thread  operating  conditions  In  a  rocket  missile. 
The  basic  load  on  the  turns  of  the  thread  Is  produced  by  the  longi¬ 
tudinal  force  Pj^  which  is  equal,  as  has  already  been  shown,  to 

The  bulging  load  pg  produces  no  stresses  in  the  thread;  however, 
as  a  result  of  this  force  the  magnitude  of  the  contact  surface  of  the 
turns  is  reduced  and  the  hermetic  sealing  of  the  Joint  is  disrupted; 
all  of  this  results  in  a  reduction  in  the  strength  of  the  Joint,  so 


Pig.  5.16.  Load  diagram  of  threaded  Joint  be¬ 
tween  combustion  chamber  and  nozzle  assembly, 
p^)  longitudinal  load;  d^)  Inside  diameter  of 

the  thread;  d^)  thread  diameter;  d^^)  average 

diameter  of  the  thread;  Pg)  outward  force  which 

separates  the  Joint;  a,  h,  elements  of  the 
thread  profile. 


"  ■  ’■  that  we  can  state  that  the  presence 

^  I  -  of  Pg  Is  equivalent  to  some  Increase 

In  the  theoretical  load  p^^,  and  this 
ta  ‘ must  be  taken  Into  consideration  In 
'  the  calculations.  To  reduce  the  un- 

Ptg.  5^7.  Theoretical  diagram  desirable  effect  of  the  Impairment 
^1^  ‘irtL°Laf  S^beiSI^?"'  ’^•'e  strength  characteristics  of 

the  Joint  as  a  result  of  the  action 
of  Pgf  the  component  parts  of  the  two  prefabricated  units  are  fre¬ 
quently  screwed  on  with  a  red  lead  putty  or  with  special  lead  monoxide 
compounds.  With  this  type  of  assembly,  the  tightness  of  the  Joint  In¬ 
creases  markedly,  and  It  may  be  stated  that  the  presence  of  Pg  does 
not  reduce  the  strength  of  the  threaded  Joint. 

The  effect  of  load  p^^  Is  such  as  to  produce  bending,  criampllng, 
and  shearing  of  the  working  turns  of  the  thread.  Calculations  show 
that  the  bending  stresses  are  determining  in  this  case. 

In  designing  a  thread  to  withstand  bending  It  Is  assumed  that 
the  work  of  a  thread  turn  Is  equivalent  to  the  bending  of  a  beam  which 
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coincides  in  shape  with  the  profile  of  the  thread  and  is  embedded 
along  the  base  of  the  profile  (Plg.  5*17) •  Then,  using  the  familiar 
relationships  for  the  bending  of  a  beam,  we  will  obtain 

Ir  T’ 

where  is  the  bending  stress;  is  the  bending  moment;  W  is  the 
moment  of  cross-section  resistance  to  bending;  sz  =  is  the  working 

length  of  the  thread;  z  is  the  number  of  working  turns  in  the  thread; 
£  is  the  pitch  of  the  thread,  or  after  substltition  of  and  W 


«iV 


stliCO.SS*)*  * 


(5.17) 


Here  the  factor  0.85  is  used  to  take  into  consideration  the  fea- 
tures  of  an  actual  thread  profile  in  comparison ^against  a  theoretical 
profile. 

The  required  working  length  of  the  thread  is  hence  determined 
in  the  following  form 


where  C  is  the  strength  margin,  or  by  taking  into  consideration  the 
expression  which  determines  p^ 


i.e.,  in  terms  of  the  nominal  diameter  of  the  thread: 


LmOJ 

'  I 


(5.18) 


The  total  length  of  the  threaded  section  can  be  determined  if 
we  hold  that 

.  £p-.(1.4.«.l,5)  If, 
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i.e.,  according  to  the  following  formula 


/  />tw 

(rf,-2»)  J_  * 


(5.18') 


The  condition  of  thread  strength  against  shearing,  apparently. 
Is  written  In  the  following  form 

where  Is  the  destructive  shearing  stress,  whence  the  shearing 

O 

stresses,  which  appear  In  the  thread  turns  under  the  action  of  the 
calculated  load,  are  determined  as  follows; 


(5.19) 


We  will  see  that  this  stress  Is  smaller  by  a  factor  of  more  than 
two  than  the  stresses  due  to  bending,  which  are  determined  accord¬ 
ing  to  (5.18)  for  this  very  same  section  as  being  equal  to 


o,^o.7-==— i5s_- 


(5.20) 


We  will  assume,  without  proof,  that  the  equivalent  stress  for 
testing  thread  strength  will  be 

which.  If  we  take  Into  consideration  (5.19)  and  (5.20),  yields 


*0.92-5!— 


(5.21) 


For  test-stand  chambers  and  engines  capable  of  being  started 
repeatedly,  it  would  be  expedient  to  evaluate  the  possibility  of 
thread  crumpling.  Thread  crun^llng  will  not  occur  If 


pi<:nd(,(0.64<)  tout, 
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(5.22) 


where  0.64  Is  employed  to  take  into  consideration  that  part  of  the 
profile  height  engaged  in  the  criimplingj  sz  =  1^  is  the  length  of 
the  working  section  of  the  thread;  is  the  permissible  specific 
crumpling  load. 


Pig.  5.18.  Examples  of  welded  Joints  in  the 
construction  of  a  rocket  missile. 


The  relationships  presented  here  can  be  used  not  only  for  the 
design  of  the  threaded  Joints  between  combustion  chambers  and  war¬ 
heads  and  nozzle  covers,  but  for  the  design  of  other  threads  en¬ 
countered  in  the  design  of  a  rocket  missile  (threaded  [screwed  in] 

nozzles ,  sparkplugs ,  etc . ) . 

Connection  of  combustion-chamber  tinlts  by  means  of  welding. 
Threaded  Joints  exhibit  a  number  of  structural  inadequacies,  of  which 
the  most  substantial  are  the  need  to  make  the  component  parts  sub¬ 
stantially  thicker  at  the  Joint  and  the  comparatively  great  fit  area. 

More  promising  from  this  point  of  view  are  connections  made  by 
means  of  welding  —  contact  welding  (Fig.  3«l3a)  or  arc  welding 
(Pig.  5.18b). 

When  arc  welding  is  used,  the  component  parts,  as  a  rule,  are 
connected  into  a  Joint  with  a  V-shaped  spreading  of  the  edges.  The 
rated  load  for  verification  of  the  strength  of  a  Joint  seam  is  the 
tensile  stress,  and  assuming  a  continuous  seeun  for  the  entire  length 
of  the  weld,  the  conditions  of  Joint  strength  can  be  written  in  the 
following  fozmi: 

Pt<</'h2nd.  (5.23) 

whence  the  required  height  h  of  the  weld  seam  (the  thickness  of  the 
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wall  at  the  weld)  is  defined  as 


or  after  substitution 


h 


(4« — wy 


«0.I25- 


i-” 


(5.24) 


where  a'  Is  the  pemlsslble  tensile  stress  for  the  weld  seam  of  the 
Joint.  The  magnitude  of  this  stress  is  primarily  a  function  of  the 
type  of  welding  employed  and  amounts  to  0.6-0. 9  of  the  permissible 
stress  for  the  basic  metal  (0.6  for  manual  welding,  and  0.9  for  auto¬ 
matic  welding  with  a  layer  of  flux) . 

In  refined  calculations.  It  should  be  borne  In  mind  that  In  addi¬ 
tion  to  the  tensile  force  p^^,  an  outer  bending  moment  acts  on  the  weld 
seam,  and  the  magnitude  of  this  moment  Is  a  function  of  the  relation¬ 
ship  between  the  pressure  In  the  combustion  chamber  and  the  rigidity 
of  the  tube. 

If  the  component  parts  being  welded  are  not  too  thick,  contact, 
seam,  or  even  point  welding  are  generally  employed.  The  strength  of 
I  the  Joint  In  this  case  Is  determined  by  the  possibility  of  shearing 

i  the  weld  points  and  Is  written  In  the  following  form: 

t 

j  (5.25) 

where  t'  Is  the  pemlsslble  shear  stress  for  the  weld  point  d„  Is 
the  diameter  of  the  weld  point;  n.,  Is  the  number  of  points,  whence 
the  required  number  of  weld  points  Is  determined  as  follows: 
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or  after  substitution  of  the  expression  for 


<f  _L  .  * 
c  ' 


(5.26) 


Here,  for  the  various  types  of  welding,  the  values  of  t'  should 

s 

be  set  at  0.5-0.65  of  the  of  the  basic  metal,  and  the  optimum 
magnitude  of  the  weld-point  diameter  should  be  regarded  as  equal  to 

<^e.T"1.5AaM+S  JM, 

where  h^^^  Is  the  minimum  thickness  of  the  component  parts  being 
welded . 


§4.  DESIGN  OP  MISSILE  NOZZLE  ASSEMBLY 

The  diaphragm,  the  volume  of  the  combustion  chamber  behind  the 
diaphragm,  and  the  nozzle  cover  make  up  the  so-called  nozzle  assembly 
of  the  engine.  This  assembly  serves  to  shape  the  stream  of  the  pro¬ 
ducts  of  combustion  at  the  outlet  from  the  chamber  of  the  engine  and 
to  set  up  the  calculated  outflow.  The  design  of  a  nozzle  assembly  Is 
one  of  the  most  Inportant  stages  In  the  development  of  a  missile  de¬ 
sign. 

Selection  of  Type  of  Nozzle  Cover 

The  nozzle  cover  may  be  made  In  the  form  of  a  single  central 
nozzle  or  In  the  form  of  a  multinozzle  assembly  (nozzle  cover) .  The 
choice  between  these  two  versions  of  nozzle  assembly  depends  on  a 
nvunber  of  factors,  among  which,  first  of  all,  we  should  point  out 
the  following: 

-  the  structural  diagram  of  the  missile; 

-  the  type  of  missile  stabilization; 

-  missile  caliber; 

-  tactical-technical  requirements  with  respect  to  flight  range 


and  firing  accuracy. 


It  Is  quite  evident  that  the  nozzle-cover  version  with  a  single 
central  nozzle  Is  possible  only  In  the  case  of  a  normal  missile  de¬ 
sign  or,  for  example,  In  the  case  of  designs  In  which  the  rocket 
portion  Is  contained  on  the  Inside,  Just  as  It  Is  Initially  assumed 
In  the  design  of  a  turbojet  missile  that  a  nozzle  cover  Is  to  be 
employed.  The  Influence  of  missile  caliber  on  the  selection  of  the 
type  of  nozzle  cover  for  the  missile  Is  a  less  determining  factor.  We 
can  say  only  that  missiles  having  calibers  between  8o  and  100  mm  are 
made,  as  a  rule,  with  a  single  central  nozzle,  although  the  well- 
known  Germany  missile  "Talfvm-P”  (d  =  100  mm)  nevertheless  had  a 
multinozzle  cover.  With  missiles  having  calibers  of  d  >  100  mm,  the 
nozzle  assembly  can  be  fashioned  as  a  multinozzle  cover,  as  well  as 
with  a  single  central  nozzle.  All  other  conditions  being  equal,  the 
fabrication  of  the  nozzle  assembly  In  the  nozzle-cover  version  Is 
characterized  by  a  number  of  substantial  advantages,  among  which  the 
following  are  particularly  Inportant: 

1)  the  possibility  of  achieving  some  gain  In  the  weight  of  the 
unit,  particularly  for  missiles  of  medium  and  large  calibers  (Pig. 
5.19); 

2)  the  Increase  In  missile  firing  accuracy  by  reducing  virtually 
to  zero  the  possible  excentriclty  of  the  reaction  force; 

3)  improvement  of  the  gasdynamlc  gas-discharge  regime  from  the 
combustion  chamber  and  the  reduction  of  losses  attributable  to  the 
formation  of  the  stream  at  the  Inlet  to  the  nozzle; 

4)  reduction  of  the  dimensions  of  missile  length,  etc. 

Indlvldtial  nozzles,  particularly  nozzles  of  large  dimensions, 

are  generally  stanqped  and  welded  constructions  (Fig.  3.20).  Sometimes 
casting  Is  en^loyed  in  the  fabrication  of  such  nozzles. 

A  nozzle  cover  can  be  made  In  the  form  of  a  single  conQ}onent  part 


ft 
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with  bored  (drilled)  nozzles,  either 
In  the  form  of  an  assembly  Into  which 
the  individual  nozzles  are  drilled 
(less  frequently,  welded,  rolled, 
extruded)  into  a  bottom  plate  carry¬ 
ing  a  corresponding  grouping  of  pre¬ 
set  holes  (see  Pig.  5.15).  The  ver- 


Pig.  5 •19.  Diagram  of  change 
in  weight  of  nozzle  assembly 
for  various  versions  of  covers 
with  n  bored  nozzles,  o)  weight 
of  ac^’ual  component  parts;  x) 
calculation  points;  1)  Q, 
weight  of  component  part;  2) 
n,  number  of  nozzles. 


Sion  for  the  structural  outline  of  the 
nozzle  cover  is  selected  on  the  basis 
of  a  weight  analysis  of  the  assemblies 
and  a  comparative  evaluation  of  their 
adaptability  to  production.  Individual 


small  nozzles  of  prefabricated  multinozzle  covers  are  made  in  the 


form  of  a  single  component  part,  turned  from  a  rod,  or  in  the  form 
of  a  welded  construction  (Pig.  5.21). 


Pig.  5.20.  Example  of  structural  design 
of  central  nozzle.  and  are 

the  flare  angles  of  the  inlet  and  outlet 
nozzle  cones;  a  is  the  angle  of  nozzle- 
axis  inclination  to  the  engine  axis . 

Nozzles  en^loyed  in  engines  exhibiting  a  burning  time  of  between 
5  and  10  seconds  can  be  made  of  conventional  low-carbon  steel  and  need 
not  be  cooled  during  operation.  In  the  case  of  longer  burning  time, 
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Pig.  5.21.  Various  nozzles  for  prefabri¬ 
cated  multinozzle  covers,  and 

are  the  inlet  and  outlet  nozzle  diameters, 
respectively. 


special  measures  must  be  implemented  in  order  to  prevent  the  over¬ 
heating  or  burning  out  of  the  nozzle  walls.  Since  the  external  forced 
cooling  of  a  solid-propellant  engine  Introduces  undesirable  compli¬ 
cations  from  the  standpoint  of  design  and  substantially  Increases 
the  weight  of  the  engine  as  a  result  of  the  ballast  mass  of  the  cool¬ 
ant,  these  measures  must  be  reduced  to  the  selection  of  special  mate¬ 
rials  whose  utilization  in  the  nozzle  construction  will  avert  any 
excessive  overheating  of  the  component  part.  Various  ceramics,  specially 
processed  graphite,  and  similar  heat-resisteuit  materials  are  eirployed 
for  such  purposes  on  a  wide  scale.  Component  parts  of  these  materials 
are  extruded  or  produced  by  powder-metallurgy  techniques. 


Calculation  of  Flowthrough  and  Linear  Nozzle  Dimensions 

The  contour  of  the  inner  nozzle  cavity  is  defined  by  three 
flowthrough  dj^^,  and  d^^)  and  three  linear  (Ij^,  3^,  and  ^2) 

dimensions,  where  is  the  diameter  of  the  inlet  section;  dj^  is 

the  diameter  of  the  critical  section  (throat);  d  is  the  diameter 
of  the  outlet  section;  is  the  length  of  the  inlet  cone;  ^  is  the 
length  of  the  critical  nozzle  section;  1^  is  the  length  of  the  out¬ 
let  funnel. 
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A  diagram  of  the  basic  nozzle 
dimensions  is  presented  in  Pig.  5.22. 

The  flowthrough  sections  of  the 
nozzle  determine  the  most  Important 
parameters  of  a  rocket  engine.  For 
exainple,  the  formula  for  the  reaction 
force  R,  written  in  a  form  containing 
the  Lanzheven  [Langevin]  coefficient,  shows  that  the  magnitude  of  this 
force  is  wholly  determined  by  the  pressure  in  the  combustion  chamber 
and  the  dimensions  of  the  flowthrough  sections  of  the  nozzle. 

where  is  the  area  of  the  critical  nozzle  section;  ?  is  the 
Langevin  coefficient  whose  numerical  value  is  a  function  of  the  ratio 
between  the  diameters  of  the  outlet  and  critical  sections  of  the 
nozzle  (a  function  of  nozzle  divergence) . 

The  most  important  of  the  above- enumerated  dimensions  is  the 
diameter  dj^^  of  the  critical  section  of  the  nozzle  (the  throat) .  The 
magnitude  of  this  diameter,  in  first  approximation,  can  be  found  from 
the  equation  of  balance 

in  accordance  with  which 


or  by  taking  into  consideration  the  average  values  of  the  constants 
Y  =  1.6  g/cm^  and  A  «  8  g/kg*sec 

/iijr* 

~7r'  (5.27) 

where  u^  is  the  linear  powder  (grain)  burning  rate  for  the  conditions 
given  for  the  particular  engine,  in  cm/sec;  is  the  total  burning 
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Pig.  5.22.  Diagram  of  flow- 
throiigh  and  linear  nozzle  di 
menslons . 


p 

surface  of  the  grain,  in  cm  ;  is  the  working  pressure  in  the  com- 

p 

bustlon  chamber,  in  kg/cm  . 

Experience  in  the  testing  of  solid-propellant  rocket  engines  has 
demonstrated  that  the  calculated  throat  diameter  must  always  be  cor¬ 
rected  on  the  basis  of  the  results  obtained  in  hot-firing  tests,  since 
the  outflow  of  the  products  of  combustion  is  a  strong  function  of 
the  structural  features  of  each  specific  engine. 

If  the  purpose  of  the  experiments  is  to  determine  the  coefficient 
cp  by  means  of  which  we  take  into  consideration  the  difference  between 
the  actual  gas  flow  rate  through  the  nozzle  and  that  calculated  on 
the  basis  of  theory,  the  dimension  dj^^,  can  be  determined  more  exactly 
in  accordance  with  the  following  formula; 

<5.28) 

where  cp  is  the  discharge  correction  factor,  l.e.,  the  ratio  of  the 
actual  mass  flow  (gas  flow  rate)  from  the  given  engine  to  the  theoreti¬ 
cal  mass  flow  (gas  flow  rate): 

Ag*  Mur 

'^kr  ^kr  respectively,  velocity  and  density  of  the  gases  in 

lat 

the  nozzle  throat;  M_  is  the  actual  gas  flow  rate  from  the  engine. 

For  engines  with  various  nozzle- assembly  versions  and  parameters 
of  interior  ballistics,  the  factor  cp  has  an  average  value  of  cp  = 

=  0.85-0.98. 

There  are  other  methods  of  calculating  the  magnitude  of  dj^; 
however,  not  a  single  one  of  these  methods  can  guarantee  a  dimension 
dfcr  which  will  not  require  subsequent  correction. 

The  second  Important  nozzle  dimensions  Is  d^.  Its  magnitude  for 
a  given  d^  Is  selected  In  dependence  on  the  proposed  divergence  of 
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the  nozzle  which  is  adopted  in  the  planning  stage.  Nozzle  divergence 
is  the  ratio  of  the  outlet  diameter  of  the  nozzle  to  the  diameter 
of  the  throat  (critical  cross  section): 

e  =  dg/dj^  (less  frequently  • 

This  ratio  is  an  extremely  important  structural  characteristic 
of  an  engine,  since  it  determines  such  engine  parameters  as  thrust 
and  specific  in^julse.  With  constant  parameters  of  interior  ballistics, 
the  thrust  of  a  rocket  engine  and  its  specific  impulse  can  be  in¬ 
creased  only  by  changing  the  nozzle  exit  angle.  In  practice,  nozzles 
with  great  divergence  are  used  conparatively  rarely,  since  gasdynamlc 
losses  in  such  nozzles  reduce  the  effect  of  increasing  R  and  with 
an  increase  in  e  =  d^/dj^.  A  reduction  in  the  ballistic  characteristics 
of  an  engine  can  be  observed  in  nozzles  with  >  3-^>  since  the 

Increment  in  thrust  in  such  nozzles  sometimes  falls  to  offset  the 
Increased  weight  of  the  engine  structure. 

It  should  be  borne  in  mind  that 
some  nozzle  expansion  (divergence)  can 
be  achieved  through  nozzle  length  or 
the  flare  angle  of  the  outlet  funnel 
(Pig.  5.23).  The  condition  of  con¬ 
tinuous  gas  flow  through  the  nozzle 
limits  the  permissible  angle  of  conic 
flare  to  the  following  quantity: 

2p.«-20-i-3(r. 

11  .  ^  . 

In  this  case,  the  following  angle  is  regarded  as  optimum: 

(2P»itt)o«T**I8* » 

here,  however,  on  the  basis  of  calculation  data,  with  a  change  in 
^vykh  10  to  30®,  the  specific  impulse  of  the  engine  changes  only 

by  2-35^. 


axp  ’ 


ct 


Fig.  5 •23*  Diagram  of  nozzles 
exhibiting  e  =  =  const 

for  various  pairs  of  dimen¬ 
sions  and  1. 


The  dimension  1  Is  chosen  on  the  basis  of  results  obtained  In 
a  weight  analysis  of  the  various  nozzle  versions. 

Nozzles  exhibiting  the  following  divergence  are  most  widely  used 
In  practice; 

1,S•^2,5. 

With  the  selected  nozzle  divergence  and  the  calculated  dj^^.,  the 
dlsuneter  of  the  outlet  section  of  the  nozzle  Is  defined  as 

(5.29) 

in  which  case,  generally, 

d.=  (1.5-2.5)</,p. 


Pig.  5.24.  Stability  (technological)  of  dimension 
^kr  ^  function  of  the  area  with  an  outlet- 

cone  flare-angle  tolerance  of  I  A.  A)  Tolerance 

for  magnitude  of  angle  calculated 

magnitude  of  critical  cross  section;  d^  and  d|^) 

diameters  of  throat  (critical  cross  section),  cor¬ 
responding  to  limit  values  of  the  angle 

The  third  flowthrough  nozzle  dimension  (d^j^)  Is  not  a  theor*»tl- 
cal  (calculated)  dimension  and  Is  selected  on  the  basis  of  structural 
considerations.  The  linear  nozzle  dimensions  1^  and  ^  are  also  not 
calculated  and  are  selected  during  the  design  stage.  I^on  designation 
of  these  dimensions,  the  following  recommendations  can  be  kept  in  mind: 

1.  Ij^  «  (3-^)djjj,  must  not  be  less  than  10-20  mm  with  an  Inlet 
cone  flare  angle  of  =  90°. 

This  relationship  between  the  elements  of  the  geometry  of  the 
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inlet  cone  provides  for  the  formation  of  a  stream  at  the  inlet  to  the 
nozzle  with  the  smallest  losses,  and  a  comparatively  short  length 
for  the  inlet  cone. 

2.  Ig  <  dj^  must  not  be  less  than  3-5  mm. 

This  dimension  is  set  on  the  basis  of  two  basic  requirements  — 
the  production-technological  requirements  eind  the  operating  require¬ 
ments.  Prom  the  standpoint  of  production,  the  need  for  the  area 
can  be  explained  by  the  fact  that  only  with  such  an  area  is  it  possible 
to  hold  the  dimension  dj^^  to  a  high  precision  class  in  the  case  of 
comparatively  nonrlgld  tolerances  for  the  dimensions  of  the  inlet  and 
outlet  cones  (Pig.  5.24).  Moreover,  the  cylindrical  surface  of  the 
critical  cross  section  may  be  used  as  a  reliable  control  eind  produc¬ 
tion  base  for  the  processing  (machining)  of  the  profile  of  the  inner 
nozzle  channel.  The  operational  requirements  with  respect  to  the  quan¬ 
tity  Iq  are  detemlned  by  the  fact  that  the  stability  of  the  dimen¬ 
sions  depends  to  some  extent  on  the  quantity  ^  during  engine 
operation.  Phenomena  such  as  nozzle- wall  erosion  result  in  a  situa¬ 
tion  in  which,  for  small  Iq,  substantial  "erosion"  of  the  nozzle  is 
observed,  and  this  leads  to  a  drop  in  pressure  in  the  combustion 
chamber,  as  a  result  of  which  the  engine  is  no  longer  operating  at 
the  theoretical  regime. 

With  definite  dj^  and  d^^  and  the  selected  nozzle  exit  angle,  the 

quantity  1^  is  determined  on  the  basis  of  the  following  relationship: 

-- 


and  the  calculation  formula  is  conveniently  presented  in  the  follow¬ 
ing  form: 


(5.30) 
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where  Is  half  the  flare  angle  of  the  outlet  cone  of  the  nozzle. 

Selection  of  Grids 

In  almost  all  contemporary  solld-propellant  rocket  engines  there 
Is  a  diaphragm  (grid)  that  Is  a  structural  part  of  the  nozzle  assembly 
of  the  missile.  The  grid  Is  designed  to  support  reliably  the  powder 
charge  (grain)  In  the  combustion  chamber  and  serves  simultaneously 
to  ensxire  the  best  possible  burning  conditions  for  the  grain  and  the 
complete  combustion  of  Its  particles  In  the  chamber  without  ejection 
of  said  particles  from  the  engine.  It  should  be  borne  In  mind  that  a 
certain  quantity  of  the  powder  particles  are  nevertheless  ejected 
with  the  stream  of  the  products  of  combustion,  so  that  the  grid  helps 
only  to  reduce  the  number  of  such  particles.  Prom  the  standpoint  of 
the  gasdynamlc  operating  regime  of  a  rocket  engine,  the  presence  of 
a  grid  reduces  engine  characteristics,  since  the  grid  Is  a  source  of 
additional  Internal  resistance  which  throttles  the  stream  of  the  pro¬ 
ducts  of  combustion. 

Numerous  experiments  with  grids  of  various  shapes  have  shown  that 
the  magnitude  of  the  free  cross  section  P^  or  even  the  ratio 

O 

^d  sv^^^’^^kr^^^  Inadequate  characteristics  of  the  actual  role 
played  by  the  grid  In  the  engine.  To  evaluate  the  properties  of  the 
grid,  the  configuration  of  the  coniponent  part  Is  extremely  Important, 
as  Is  the  relationship  between  the  shape  of  the  grid  and  the  shape  of 
the  selected  powder  grain,  and  the  mutual  position  of  the  flowthrough 
sections  of  the  grid  and  the  engine  nozzles.  The  butt  ends  of  powder 
grains  must  not  cover  the  free  cross  section  of  the  grid,  since  other¬ 
wise  the  effective  free  cross  section  of  the  grid  Is  reduced  and  the 
pressure  losses  Increase.  The  gasdynamlc  characteristics  of  the  grid 

ye  noticeably  Improved  If  the  grains  do  not  rest  on  the  plcuie  of  the 
*tg  =  tan 


grid  but  on  special  protuberances  of  the  grid,  generally  fashioned 
In  the  shape  of  fins.  The  presence  of  such  fins  ensures  a  fixed 
clearance  between  the  butt  ends  of  the  burning  grains  and  the  sur¬ 
face  of  the  grid,  which  Improves  the  conditions  of  gas  flow  to  the 
nozzle  and  reduces  the  losses  due  to  grid  resistance.  The  height  of 
the  centering  ribs  Is  generally  5-10  mm  (for  missiles  of  medium  cali¬ 
ber)  .  The  shape  of  the  grid  Is  selected  so  that  the  nozzle  orifices 
of  the  combustion  chamber  are  projected  onto  the  free  spaces  of  the 
grid.  Of  the  remalnlr^g  factors  whose  consideration  makes  possible  the 
design  of  a  grid  with  high  characteristics,  we  should  mention  the 
following. 

1 .  The  shape  of  the  grid  must  be  such  as  to  provide  for  a  clear¬ 
ance  of  the  order  of  10  mm  between  the  Inner  surface  of  the  chamber 
and  the  outer  contour  of  the  grid.  From  this  standpoint,  a  ring  with 
a  diameter  equal  to  d^^  cannot  be  tolerated  as  the  outer  contovir. 

The  above-mentioned  requirement  pertains  to  the  case  In  which 
a  charge  (a  single-grain  or  multigrain  charge)  Is  used  In  an  engine, 
and  the  charge  burns  both  along  the  outer  and  Inner  surfaces.  In 
the  case  of  single- grain  charges  burning  only  In  a  channel,  the  shape 
of  the  outer  contour  of  the  grid  Is  not  of  great  significance. 

2.  It  Is  desirable  that  the  outlines  of  the  grid  elements  be 
streeunllned  In  the  direction  of  the  gas  flow.  In  order  to  avoid  com¬ 
plex  mechanical  processing,  grids  with  streamlined  elements  are  most 
expediently  produced  by  casting. 

3.  The  strength  calculations  for  the  grid  Is  a  difficult  problem 
In  practice.  The  fin  thickness  for  grids  Is,  as  a  rule,  selected  by 
experimentation.  In  evaluating  the  strength  characteristics  of  a  grid. 
It  should  be  borne  In  mind  that  the  defoliation  of  this  con^onent 
part  during  the  process  of  engine  operation  Is  Intolerable. 


4.  The  design  of  the  grid  for  turbojet  missiles  should  be 
selected  with  consideration  of  the  centrifugal  loads  produced  by 
the  rotation  of  the  missile.  In  selecting  the  shape  for  the  grid.  It 
becomes  necessary  in  this  case  to  select  such  shapes  in  which  strength 
and  rigidity  are  greater  In  the  radial  direction  (star,  tubular,  etc). 
Experience  shows  that  the  Iniproper  selection  of  a  grid  or  the  In¬ 
appropriate  selection  of  the  "grain-grid"  unit  may  result  In  a  pres¬ 
sure  pulse  at  the  Initial  Instant  of  burning,  and  this  Is  of  course 
undesirable. 

Generally  speaking,  a  solid-propellant  rocket  engine  can  be  de¬ 
signed  without  a  grid.  The  grains  can  be  securely  fixed  In  such  an 
engine  by  means  of  special  devices  mounted  on  the  forward  connection 
plate,  and  the  ejection  of  powder  particles  can  be  prevented  by  the 
appropriate  design  of  the  nozzle  cover.  All  other  conditions  being 
equal,  an  engine  without  a  grid  Is  more  promising,  since  It  provides 
for  better  operating  missile  parameters. 

Experiments  have  shown  that  It  Is  ejq>edient  to  have  a  so-called 
free  space  behind  the  grid  In  an  engine,  l.e.,  a  space  between  the 
grid  and  nozzle  cover.  The  length  1^^  ^  of  this  space  Is  a  function 
of  the  features  of  a  specific  engine  and,  for  exanple,  for  the  M13 
missile.  Is 

(5.31) 

where  d^^  Is  the  Inside  diameter  of  the  combustion  chamber  of  the 
engine . 

The  engine- operating  parameters  Inprove  as  the  space  behind  the 
grid  Increases;  however,  the  structural  weight  of  the  missile  Increases 
In  this  case,  and  this  Is  Intolerable. 

It  would  be  desirable  for  the  space  behind  the  grid  to  be  a  solid 
of  revolution  with  a  smooth  transition  to  the  outlines  of  the  nozzle 
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cover;  however,  this  Is  not  an  absolute  must.  Examples  of  grid  de¬ 
signs  are  presented  in  Pig.  5.25. 


a) 


Pig.  5.25.  Examples  of  grid  designs  employed  In 
solid-propellant  rocket  engines,  a)  Grids  for 
multigrain  charges  (stamped-and-welded  and  cast 
versions);  b)  grid  for  single-grain  charge. 

The  Concept  of  Variable  and  Demountable  Nozzles  and  Nozzles  with  Con¬ 
trolled  Gas  Streams* 

As  has  already  been  pointed  out,  one  of  the  features  encountered 
In  the  burning  of  rocket  powders  is  the  relationship  between  the 
burning  rate  and  the  Initial  temperature  of  the  charge: 

o,=«+io-c/(/o). 

Where  u^20°C  burning  rate  of  the  powder  at  a  charge  tempera¬ 

ture  of  tQ  =  +  20°C;  fCtQ)  is  the  temperature  burning-rate  function, 

f(tQ)  >  1  for  tQ  >  20°C; 
f(tQ)  <  1  for  tQ  <  20°C. 

The  change  In  the  burning  rate  with  a  change  in  tQ,  at  dj^  =  const, 
causes  the  pressure  In  the  combustion  chamber  to  change  as  a  function 
of  the  charge- Ignition  conditions,  emd  given  Identical  structural 
charge  parameters.  It  will  be  low  In  the  case  of  low  (minus)  tempera¬ 
tures,  and  high  In  the  case  of  high  temperatures.  Since  the  magnitude 
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of  pressure  determines  the  basic  characteristics  of  the  rocket  engine 
(thrust,  specific  Impulse),  the  scattering  of  the  pressure  for  var¬ 
ious  initial  charge  temperatures  produces  instability  of  the  char¬ 
acteristics,  substantially  reducing  the  combat  and  operational  char¬ 
acteristics  of  the  weapon.  Here  it  should  be  borne  in  mind  that  the 
sensitivity  of  pressure  to  changes  in  the  burning  rate  is  quite  great 
and,  for  example,  for  the  case  of  a  power  burning-rate  function  for 
the  powder,  it  amounts  to 


since  for  present-day  powders 


4 


For  certain  brands  of  powder,  the  burning  rate  at  various  igni¬ 
tion  temperatures  varies  so  markedly  that  the  corresponding  range  of 
pressures  in  the  combustion  chamber  is  quite  simply  Intolerable. 

If  we  bear  in  mind  that  for  a  certain  definite  powder  charge,  the 
pressure  in  the  combustion  chamber,  given  a  fixed  burning  rate,  is  a 
function  only  of  the  magnitude  of  the  critical  nozzle  section  (throat) 
of  the  engine 

lS,  1 


then  it  Is  natural  to  undertake  two  means  of  stabilizing  the  pressure 
In  the  engine  for  a  given  temperature  Interval  of  engine  operation: 

1)  to  use  a  powder  that  exhibits 
a  weak  relationship  between  the  burning 
rate  and  the  initial  charge  tempera¬ 
ture  and  for  which  the  magnitude  of 
the  pressure  in  the  combustion  chamber 

Fig.  3*26.  Elementary  diagram 

of  self- regulating  nozzle.  exhibits  low  sensitivity  to  the  param- 
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eters  of  the  charge j 


2)  to  use  special  nozzles  whose  throat  (critical  cross  section) 

I  would  change  with  a  change  in  pressure  so  as  to  leave  pressure  approxi¬ 

mately  constant. 

Since  there  are  virtually  no  powders  that  are  not  sensitive  to 
the  initial  charge  temperature,  the  first  method  is  one  for  future 
investigation.  However,  the  second  method  is  quite  realistic  and  there 
are  many  engines  for  which  the  magnitude  of  the  critical  cross  section 
is  regulated  for  the  purpose  of  pressure  stabilization  over  the  wide 
temperature  interval  encountered  in  the  operation  of  a  rocket  missile. 

It  is  most  efficient  to  employ  a  variable- nozzle  design  which 
would  monitor  automatically  the  pressure  in  the  combustion  chamber 
and  react  continuously  to  pressure  fluctuations.  Such  nozzles  are 
referred  to  as  autocontrollable-area  nozzles.  An  elemental^  diagram 
of  a  nozzle  wl^^h  smooth  pressure  control  is  presented  in  Pig.  5.26. 

We  can  see  from  the  diagram  that  the  autocontrollable  nozzle  differs 
from  an  uncontrollable  conventional  nozzle  in  that  a  special  device 
is  mounted  in  the  fonner  to  monitor  the  pressure  in  the  combustion 
chamber  and  to  vary  the  flowthrough  section  of  the  nozzle  in  accord¬ 
ance  with  the  changes  in  this  pressure. 

The  device  consists  of  a  floating  plug  1,  guide  springs  2,  and 
supports  3;  the  plug  is  held  by  three  supports  4  in  the  divergent 
section  of  the  nozzle.  The  floating  plug  is  xmder  the  action  of  two 
forces  at  any  given  instant  of  tlmej  these  forces  are  represented  by 
the  resultant  of  the  pressure  Pj^  g  (in  the  combustion  chamber)  dis¬ 
tributed  over  the  frontal  surface  of  the  plug,  and  the  resistance 
force  of  the  spring,  causing  the  plug  to  asstune  a  certain  position 
along  the  axis  of  the  nozzle,  depending  on  the  relationship  between 
these  forces. 
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The  spring  2  is  selected  so  that  at  the  rated  pressure  In  the 
combustion  chamber,  the  plug  will  assume  a  position  on  the  axis  of 
the  nozzle  at  which  the  area  of  the  flowthrough  section  of  the  nozzle 
ensures  a  balance  of  gases  in  the  engine,  l.e.,  at  which 

iitA-MV 

With  an  Increase  in  pj^  ^  the  force  acting  on  the  plug  as  a  re¬ 
sult  of  this  pressuie  increases,  and  the  plvig  shifts  to  the  right  in¬ 
creasing  the  flowthrough  section  of  the  nozzle.  Pressure  begins  to 
diminish  in  this  case,  and  the  plug  gradually  returns  to  a  position 
corresponding  to  the  rated  pressure  in  the  combustion  chamber.  With  a 
drop  in  pressure,  the  plug  is  moved  to  the  left  by  the  springs  and 
covers  the  critical  cross  section  of  the  nozzle  (the  throat)  thus  pro¬ 
ducing  a  rise  in  pressure. 

For  the  control  diagram  shown  in  Pig.  5*26  p^  =  const  cannot  be 
achieved  and  it  is  possible  only  to  reduce  substantially  the  magni¬ 
tude  of  pressure  scattering.  This  can  be  ejqjlalned  by  the  fact  that 
the  counter  force  Pp^  of  the  spring  is  not  constant  and  is  itself  a 
function  of  the  area  of  the  critical  cross  section,  since 

Pwp^cx^cko^f 

since  the  quantity  is  determined  by  the  coordinate  x  of  the  plug's 
position  on  the  axis  of  the  nozzle.  Here  c  is  the  rigidity  of  the 
spring;  k  is  some  coefficient  which  determines  the  relationship  between 
the  coordinate  x  of  the  plug's  position  on  the  axis  of  the  nozzle 
and  the  area  of  the  open  cross  section  of  the  nozzle. 

Figure  5.27  presents  curves  for  Pq  =  which  are  solutions 

for  the  equation  of  balance  for  the  extreme  temperatures  of  the  given 
interval  (±  50®C),  and  the  characteristic  of  the  spring  Pp^  =  cx.  We 
can  see  from  the  figure  that  if  the  nozzle  is  of  the  uncontrollable 
kind  (a  =  const  »  02) >  a  change  in  initial  charge  temperature  In  a 
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range  from  —  50  to  +  50°C  will  cause  the  pressure  in  the  engine  to 
vary  within  limits  of  Ap^  _  corresponding  to  the  BC  ordinate 

segment  on  the  graph.  The  plug- regulator  shifts  as  a  result  of  the 
introduction  of  the  autocontrol  system  shown  in  the  diagram  in  Pig. 
5.26  in  the  case  of  a  change  in  combustion- chamber  pressure,  thus 
producing  a  corresponding  change  in  the  area  of  the  flowthrough  sec¬ 
tion.  If  the  spring  characteristic  is  represented  by  the  straight  line 
AB,  the  maximum  scattering  of  pressure  in  the  temperature  Interval  of 
+  50°C  is  determined  by  the  quantity  Ap'  <  Ap^  _  and  the 

critical  cross  section  of  the  engine  changes  from  Og  to 

The  regulation  device  shown  in 
Pig.  5.26  is  the  simplest  possible. 
More  advanced  control  schemes  make 
it  possible  to  maintain  a  virtually 
constant  pressure  within  the  combus¬ 
tion  chamber  over  the  entire  tenipera- 
ture  interval  encountered  in  missile 

Pig.  5.27.  Diagram  characteriz¬ 
ing  drop  in  maximum  pressvire  utilization.  Naturally,  these  more  ad- 
scatterlng  in  combustion  cham¬ 
ber  as  a  result  of  the  utlllza-  vanced  methods  are  more  complex, 
tlon  of  the  simplest  method  of 

controlling  the  magnitude  of  It  should  be  borne  in  mind  that 

the  critical  cross  section 

‘^kr 


.  1)  tQ  =  +  5OOC;  2)  tQ  = 


=  -  50''C. 


it  is  necessary  to  control  a  nozzle 
not  only  for  the  purpose  of  stabiliz¬ 
ing  pressure  during  missile  operation  under  various  temperature  con¬ 
ditions,  but  to  provide  for  constancy  of  pressure  within  the  combus¬ 
tion  chamber  at  some  fixed  initial  charge  temperature,  when  the  con¬ 
figuration  of  the  grain  is  such  that  the  burning  surface  is  not  con¬ 
stant  during  the  time  in  which  the  propelleuit  bums. 

The  design  and  testing  of  a  selfcontrollable-area  nozzle  are 
connected  with  great  difficulties.  One  of  the  basic  problems  en- 
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countered  In  the  design  of  a  nozzle  with  a  control  device  is  the 
matter  of  providing  for  the  normal  functioning  of  the  design  under 
conditions  in  which  a  high-temperature  flow  of  the  products  of  com¬ 
bustion  flows  past  the  regulation  device  (the  plug).  In  this  case,  it 
is  absolutely  necessai*y  to  take  into  consideration  not  only  the  change 
occurring  in  the  properties  of  the  structural  material  situated  in 
the  area  of  the  high  operating  temperatures,  but  it  is  also  necessary 
to  take  into  consideration  the  distortion  of  the  working  characteris¬ 
tics  of  the  springs  used,  as  a  rule,  in  the  design  of  a  plug  device. 
The  development  of  nozzles  with  automatically  controlled  is  per¬ 
missible  only  in  those  cases  in  which  the  utilization  of  such  nozzles 
is  Justified  by  the  imposition  of  high  requirements  with  respect  to 
the  objects  and  by  the  small  tolerance  for  the  magnitude  of  the  work¬ 
ing  pressure. 

It  is  sometimes  expedient  to  employ  step  control  of  Oj^^,  since 
this  is  structurally  a  simpler  solution  involving  the  utilization  of 
a  complex  of  demountable  nozzles.  A  diagram  showing  the  application 
of  such  nozzles  is  presented  in  Pig.  5-28.  Let  the  pressure  p^^,  be 
the  rated  pressure  at  o  =  const  =  <^2lmn*  scattering  of  this 

pressure  at  the  extreme  temperatures  will  be  Ap^j  _  QQ^at' 
from  the  curves  presented  in  Pig.  5*28  that  the  quantity  Apjj_  QQ^at 
may  be  approximately  the  same  as  the  average  operating  pressure,  so 
that  the  extreme  pressures  will  diverge  from  p^^,  by  a  factor  of  almost 
one  and  a  half.  Such  a  scattering  of  pressures  is  Intolerable.  Let  us 
divide  the  set  temperature  interval  of  ±  50®C  for  missile  operation  by: 
summer  (+  50-  +20®); 

Interseasonal  (+  20 -  20°) ; 

winter  (—  20 -  50°) 

and  let  us  select  three  various  nozzles,  each  of  which  will  make  it 
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possible.  In  its  own  tengserature  range,  to  maintain  an  approximate 
constancy  of  engine  thrust  with  a  relatively  small  scattering  of  the 
operating  pressure.  These  nozzles  are  conveniently  designated  as  summer 
®letn^  interseasonal  o,  and  winter  cf2lmn’ 


Pig.  5.28.  Diagram  illustrating  possibility  of 
reducing  scattering  of  pressure  £  in  the  com¬ 
bustion  chamber  of  a  rocket  engine  with  a  large 
interval  of  operating  temperatures  t  by  using 
demountable  nozzles. 


Figure  5.28  shows  that  for  each  of  these  nozzles  the  scattering 
of  pressiire  is  substantially  lower  than  in  the  case  of  c  =  const,  and 
the  average  pressure  levels  are  correspondingly  somewhat  higher 
(far.  zlnn  >  '  To  summarize,  for  the  approximate  constancy 

of  the  characteristics  of  a  rocket  engine,  several  demountable  (seasonal) 
nozzles  may  be  chosen  and  one  of  these  is  to  be  used  for  each  corre¬ 
sponding  initial  charge  teiqperature. 

In  the  design  of  demountable  nozzles,  we  proceed  from  the  basic 
requirement  of  R  =  const,  which  when  we  take  into  consideration 

yields 


or 


Ptt  Ok  •>  const 


whence  for  the  special  case  of  t^  s  +  20^  we  will  have 
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»+«• 


=1  + 


!  +  */»♦»•  <-20* 


(5.33) 


where  k  Is  the  ratio  of  the  coefficients  of  the  powder  burning-rate 
function;  B^.  is  the  thermochemical  powder  constant,  and  it  is  as- 
siimed  that  u^^  =  u(ap  +  b)f(tQ),  and  that  all  of  the  denotations  cor¬ 
respond  to  those  adopted  in  interior  ballistics. 

Relationship  (5-33)  makes  it  possible  to  select  demountable 
nozzles  graphically.  The  sequence  of  the  selection  is  clear  from  Pig. 
5.29.  It  is  desirable  that  the  operating  range  for  each  nozzle  over- 


Fig.  5.29.  Diagram  for  the  selection  of 
demountable  nozzles  which  provide  for 
constancy  of  engine  thrust  (within  the 
limits  of  the  given  scattering  of  thrust), 
'minimal  required  thrust; 

maximum  required  thrust;  A)  first  nozzle; 
B)  second  nozzle. 


^  1 

_ u. 

life 

Il_? 

p-l 

— H 

rh- 

Pig.  5.  0.  Nozzle  with  demountable  liners, 
a)  Interseasonal  liner  (for  medium  initial 
charge  temperatures);  b)  summer  liner; 
c)  winter  liner;  dj^^,,  djJ^,  dj^)  critical 

cross  section  of  interseasonal,  summer  and 
winter  liners,  respectively;  DtAg/Cg))  fit 

diameter  of  liner  assembly  with  nozzle  frame, 
laps  that  of  the  others  by  5-10°.  In  designing  an  engine  with  de¬ 


mountable  nozzles,  it  should  be  borne  in  mind  that  the  niunber  of 
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such  nozzles  must  be  kept  to  a  minimum.  In  order  to  eliminate  the 
cumbersome  operation  of  nozzle  reinstallation,  particularly  during 
the  work  at  the  starting  position,  it  is  expedient  to  employ  de¬ 
mountable  central  liners  rather  than  demountable  nozzles.  The  replace¬ 
ment  of  such  liners  does  not  require  subsequent  tedious  adjustment  of 
the  nozzles,  and  thus  a  significant  reduction  is  achieved  in  the  time 
spent  on  adjustment  operations. 

Figure  5.30  shows  a  nozzle  with  various  demountable  liners.  In 
the  fabrication  of  such  nozzles,  the  complex  of  liners  for  each  nozzle 
Is  generally  put  through  its  final  processing  during  the  assembly 
stage.  This  makes  it  possible  to  satisfy  the  requirements  linposed 
with  respect  to  the  surface  of  the  inner  channel  of  the  nozzle  as 
well  as  to  achieve  exact  correspondence  of  dimensions  during  the  fit¬ 
ting  stage. 


Pig.  5 -SI.  Warm-up  of  "Honest  John" 
rocket  engine  prior  to  start. 


One  of  the  methods  employed  to  stabilize  the  oharacterlstlcs  of 
a  solid-propellant  rocket  engine  in  the  temperature  Interval  set  for 
this  engine  Involves  the  prestart  warming  up  of  the  engine.  American 
periodical  literature  has  presented  several  photographs  of  the  Army 
"Honest  John"  rocket  being  preheated  before  launch  (Pig.  5*31)*  The 
Americans  use  a  metallic  net  as  the  heat  source  for  this  warm-up  stage 
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i.e.,  a  cover  through  which  an  electric  current  is  passed  for  a  speci¬ 
fied  period  of  time.  At  first  glance,  this  method  seems  to  be  con¬ 
venient;  however,  because  of  the  low  heat  (temperature)  conductivity 
of  the  powder,  this  method  may  be  employed  only  in  comparatively  few 
cases . 

In  recent  times  engine  designs  have  appeared  with  nozzles  making 
it  possible  to  change  the  direction  of  the  exhaust  gas  stream  accord¬ 
ing  to  a  definite  program  or  on  the  basis  of  a  specific  command.  Such 
turning  of  the  stream  results  in  the  appearance  of  a  lateral  reaction- 
force  component  (with  respect  to  the  axis  of  the  engine),  and  this 
component  is  generally  used  to  guide  the  flight  of  the  object  Nozzles 
with  controllable  gas  streams  have  been  developed  for  sustainer 
rocket  engines  as  well  as  for  booster  assemblies. 

As  an  example  we  can  cite  the  booster  vinit  for  the  aircraft- 
missile  ”Snark”  (USA) .  The  utilization  of  sensitive  electronic  de¬ 
vices  in  the  control  system  of  this  missile  makes  intolerable  any 
great  acceleration  of  the  object  on  lavinch.  As  a  result,  the  missile 
acquires  velocity  comparatively  slowly  and,  since  the  aerodynamic 
control  surfaces  become  effective  only  at  relatively  great  flight 
velocities,  the  missile  is  in  fact  ungulded  during  the  launch  phase. 
This  may  result  in  pronounced  deviation  of  the  missile  at  the  initial 
Instant  of  flight  from  the  calculated  trajectory,  which  in  turn  re¬ 
sults  in  the  subsequent  reduction  of  firing  accuracy.  The  only  means 
of  guiding  the  flight  of  an  aircraft-missile  during  the  launching 
phase  Involves  the  utilization  of  the  effect  produced  by  the  regula¬ 
tion  (turning)  of  the  stream  of  the  products  of  combustion  produced 
by  the  missile  during  the  launch  phase;  this  stream  must  be  turned  so 
as  to  offset  the  deviation  of  the  object.  A  diagram  of  the  "Snark" 
booster  assembly  is  shown  in  Fig.  5 >32.  The  command  for  the  turning 
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of  the  deflection  device  in  the  nozzle  is  Issued  from  the  autopilot 
of  the  object  to  a  servomechanism.* 


Pig*  5.32.  Diagram  of  construction  of 
booster  assembly  with  controllable  de¬ 
vice  to  deflect  the  axis  of  the  stream 
[of  the  products  of  combustion]  (air¬ 
craft-missile  "Snark”  (USA).  6(t))  angle 
of  turn  for  special  device,  on  commandj 
a)  angle  between  axes  of  nozzle  and  engine; 
cx+6(ty)  total  angle  of  stream  deflection; 

1)  hydraulic  pressure  accumulator;  2)  pres¬ 
sure  feed  pipe;  3)  to  autonomous  control 
system  of  object;  4)  operating  servocylin- 
der;  5)  rotating  ring;  6)  tubing  for  re¬ 
moval  of  powder  gases. 


The  development  of  controllable 

nozzles  for  sustalner  engines  would  be 

expedient,  for  example,  for  rocket 

missiles  with  great  operating  flight 

altitudes,  where  the  rarefaction  of 

the  air  makes  it  impossible  to  use 

Pig*  Diagrams  of  nozzles  aerodynamic  control,  and  where  gas 

with  controllable  gas  stream. 

a)  Nozzle  with  canted  controll-  (Jet)  vanes  are  undesirable  from  a 
able  (burnable)  outlet;  b)  noz¬ 
zle  with  controllable  deflec-  structural  standpoint;  the  use  of  such 
tlon  device;  c)  nozzle  with  gas 

(Jet)  veine.  a  nozzle  Is  also  advisable  for  certain 

similar  reasons.  For  example.  It  Is  well  known  that  nozzles  with  con¬ 
trollable  deflection  devices  are  used  In  the  sustalner  engine  of  one 
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of  the  stages  of  the  ballistic 
"Polaris”  rocket. 

Nozzles  with  a  controllable  ex¬ 
haust  (gas)  stream  may  be  produced  in 
a  number  of  versions,  and  these  are 
presented  schematically  In  Pig.  5«33. 
The  most  effective  of  these  verlons, 
on  the  basis  of  data  gathered  in 
special  investigations,*  is  the  nozzle 


,  with  a  telescoping  controllable  de- 

5.3^.  Operating  character¬ 
istics  for  nozzles  with  con-  flection  device.  However,  it  should 
trollable  gas  stream.  1)  Lat¬ 
eral  component  of  thrust;  be  borne  in  mind  that  the  testing  of 

2)  angle  of  deflection  of  con¬ 
trol  element.  such  a  nozzle  is  associated  with  great 


difficulties . 


Figure  5*3^  shows  the  operating  characteristics  of  the  above- 
mentioned  nozzle  versions  for  purposes  of  conparlson,  and  here  we  cein 
see  clearly  the  advantages  of  the  nozzles  with  telescoping  deflection 
fittings . 


§5.  SEVERAL  TYPES  OP  ROCKET  POWDER  CHAROES  USED  IN  SOLID^ PROPELLANT 
ROCKET  ENGINES 


The  working  charge  of  a  solid- propellant  rocket  engine  consists, 
as  a  rule,  of  a  single  or  several  independent  elements,  referred  to 


as  grains.  The  powder  grains  are  made  from  a  specially  prepared  initial 
mixture  by  extrusion  into  long  bars  of  given  lateral  cross  section, 
or  by  casting.  These  bars,  after  cooling  and  quality  inspection,  are 
cut  into  the  required  lengths  and  then  machined. 

The  geometric  dimensions  and  shapes  of  the  powder  grains  which 
go  to  make  vq>  the  working  charge  of  the  engine  have  a  significant 
effect  on  the  basic  characteristics  and  operating  regime  of  a  solid- 
propellant  rocket  engine.  The  shape  of  the  powder  grains  is  of  partlcu- 
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larly  great  significance  In  terms  of  the  burning  curve  p  *  p(t), 
which  determines  the  progressive,  neutral,  and  regressive  burning 
of  the  charge. 

The  curve  which  corresponds  to  the  engine  operating  regime  at 
which  the  pressure  in  the  combustion  chamber  Increases  as  the  charge 
burns  Is  referred  to  as  a  progressive  curve.  By  analogy,  the  regressive 
curve  Is  characteristic  of  an  operating  regime  in  which  the  pi*essure 
In  the  combustion  chamber  drops  monotonlcally  during  the  operation 
of  the  engine,  and  the  neutral  curve  pertains  to  the  case  in  which 
the  pressure  remains  constant  (or  approximately  constant). 
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Pig.  5.35.  Burning  curve  with  two  thrust  stages 
providing  for  maximum  speed  for  entry  of  missile 
Into  the  controlled- flight  phase,  r^^  and  r^^^) 

pressure  In  combustion  chamber  during  launch  and 
cruising  regimes,  respectively;  and  x^)  en¬ 
gine  operating  time  during  launch  and  cruising 
regimes,  respectively;  total  engine  operat¬ 

ing  time;  l)  stazi:lng  stage  of  burning;  2)  cruising 
stage  of  burning. 

For  the  majority  of  missiles  enoployed  by  the  field  rocket 
artillery,  the  thrust  of  the  engine  must  remain  constant  throughout 
the  entire  period  of  engine  operation.  This  means  that  In  the  case 
of  uncontrollable  nozzles,  the  configuration  of  the  powder  charge  must 
provide  for  approximate  constancy  of  pressure  magnitude  In  the  ccxnbus- 
tlon  chamber  throtighout  the  entire  period  of  the  burning  of  the  powder 
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However,  this  requirement  Is  not  a  general  requirement,  since  for 
certain  types  of  rockets  It  Is  more  e}q)edlent  to  employ,  for  example, 
a  progressive  burning  characteristic  which  ensures  low  thrust  at  the 
beginning  and  high  thrust  at  the  end  of  engine  operation.  In  this 
case,  the  rocket  passes  through  the  lower  denser  layers  of  the  air 
(atmosphere)  at  a  relatively  slow  speed  and  accelerates  primarily  In 
the  rarefied  layers  of  the  atmosphere. 

As  a  result,  the  mean  effective  reslsteince  and  velocity  losses 
produced  by  overcoming  the  resistance  are  substantially  reduced  In 
comparison  with  those  encountered  when  engine  thrust  Is  constant .  It 
Is  desirable  In  the  case  of  other  rocket  missiles  to  achieve  maximum 
speed  of  missile  entry  Into  the  controlled-fllght  phase,  with  the 
missile  moving  at  a  slower  speed  during  this  phase,  enabling  It  to 
react  to  the  commands  of  the  control  system.  In  this  case,  a  regres¬ 
sive  or,  perhaps  even  a  step,  burning  characteristic  would  be  prefer¬ 
able  (Pig.  5.35). 

In  certain  cases,  to  attain  the  required  velocity  rapidly,  the 
missile  Is  designed  as  a  two-stage  assembly.  In  which  case  the.  first 
stage  Is  the  booster  which  Is  Jettisoned  upon  con^jletlon  of  the  biirn- 
Ing  stage. 

Among  all  possible  cross-sectional  shapes  of  grains,  of  which 
the  most  frequently  employed  are  presented  In  Pig.  5.36,  relative 
constancy  of  pressure  Is  provided  by  grains  with  specially  shaped 
channels  (for  example,  star- shaped  grains)  and  grains  which  burn 
simultaneously  along  the  outer  surface  and  the  surface  of  the  Inner 
chazuiels  (tubular  cylindrical,  elliptical,  and  triangular,  seven- 
channel  and  three- channel  three-petal  grains) .  It  Is  possible  to 
select  a  relationship  between  the  geometrical  elements  of  the  cross 
section  for  these  grains  at  which  the  total  burning  surface  will  be 


253  - 


Pig.  5.36.  Several  cross-sectional  shapes  of 
grains  frequently  encountered  in  solid-propel¬ 
lant  engines,  l)  Tubular  grains;  b)  multi- 
tubular  grains;  c)  grains  without  channels. 

kept  approximately  constant  throughout  the  entire  period  of  engine 
operation,  and  at  =  const  determines  the  constancy  of  pressure. 

As  an  example,  let  us  examine  a  single- channel  cylindrical  grain. 
Let  the  cross-sectional  dimensions  of  the  grain  at  the  Initial  in¬ 
stant  be  the  following:  Rq  is  the  circumferential  radius  of  the  outer 
surface;  r^  is  the  radius  of  the  inside  channel;  Lq  =  const (t)  is  the 
length  of  the  grain  (and  this  may  be  attained,  for  example,  by  armor- 
ing  the  side  ends  of  the  grain) . 

The  total  burning  surface  Sq  for  this  instant  will  be 

after  t  sec,  a  part  of  the  grain  will  have  burnt  up,  and  if  the  burn¬ 
ing  rate  during  this  period  of  time  was  u  xm/sec,  then  the  dimensions 
of  the  grain  will  become  the  following: 

Ri  — 2itt, 
ri-r,-f2«t 

and  the  total  burning  surface  will  be 

St’"iitRtL$+27trtL%"‘27t(Ri+ri)/^"‘ 

m2H{R$-2ut+r4+2ut)Lo^2n(Rt+ro)Lt^  So. 


If  the  grain  burns  both  along  the  side  surface  and  the  end  sur¬ 
faces,  the  total  burning  surface  changes  somewhat;  however,  this 
change  is  comparatively  small,  particularly  in  the  case  of  grains  of 

great  length.  Let  us  estimate  the  value  of  It  is  clear  that 

max 

when  the  ends  of  the  grain  participate  in  the  combustion, 

'Se“2n(^orr»)io+2n(/?*o — /*o), 

S,«2n  (^rfr«)  t»+2n  ((/?*,— (/?o+r,)J. 

where  2«/. 

Hence  it  is  easy  to  determine  AS^  in  the  following  form: 

AS<«-S|— So— I  2«u/(^o+ro). 

The  minus  sign  indicates  that  the  burning  surface  is  diminishing 
gradually.  Prom  a  geometrical  standpoint 

SO  that  the  maxlmtim  change  in  the  burning  surface  will  not  exceed 

|AS«J  <  12«  ro)  /?o.  (5.34) 

and  since  the  length  of  the  powder  grain,  as  a  rule,  is  generally 
8-12  calibers  of  the  grain,  l.e., 

16+24’ 

I*5UI<(0.5-<-0.75)  (/2i+ro) 

Con^aring  this  quantity  with  the  first  term  of  the  e:q)resslon 
determining  Sq,  we  will  find  that  AS^^^  will  not  exceed  (0.25-0.35)Sq 
even  in  the  case  of  such  comparatively  short  grains. 

In  actual  fact  AS^^  Is  even  smaller  and,  therefore,  the  utiliza¬ 
tion  of  single- channel  cylindrical  grains,  as  a  rule,  ensures  con¬ 
stancy  of  pressure  In  the  engine,  with  a  possible  deviation  of  the 
order  of  5)^  toward  the  end  of  combustion. 

We  must  point  out  that  In  certain  engines  It  may  be  conpletely 
unnecessary  for  the  total  burning  surface  of  the  charge  to  remain  con- 
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stant  throughout  the  entire  period  of  engine  operation  In  order  to 
attain  p  =  const.  The  situation  here  Is  that  as  the  working  charge 
burns  up,  certain  engine  and  charge  characteristics  and  parameters 
undergo  change,  and  these  quantities  determine  the  magnitude  of  pres¬ 
sure  In  the  combustion  chamber,  so  that  In  order  to  stabilize  the  pres¬ 
sure  this  change  In  engine  operating  conditions  must  be  compensated. 

The  most  convenient  method  to  achieve  this  Is  the  control  of  the  burn¬ 
ing  surface  of  the  charge.  For  example,  according  to  data  from  Wlmpress, 
In  order  to  achieve  a  rigorous  p  =  const  In  one  of  the  engines  em¬ 
ploying  JPN-powder  charges.  It  would  be  necessary  gradually  to  reduce 
the  burning  surface,  with  an  approximate  reduction  of  25^  of  the 
bvimlng  surface  toward  the  end  of  combustion. 

Grains  which  burn  only  on  the  outer  surface  (cylindrical  grains 
without  channels,  cruciform,  etc.)  as  a  rule  exhibit  regressive  burn¬ 
ing,  whereas  grains  burning  from  within  exhibit  progressive  burning 
(if  the  channels  of  such  grains  are  not  given  special  shapes) . 

In  order  for  the  powder  grain  to  burn  only  along  a  certain  limited 
and  predetermined  surface,  a  restriction  coating  Is  applied.  The 
restriction  coating  applied  to  a  grain  involves  the  application  of  a 
special  coating  to  those  surface  areas  of  the  grain  which  are  not 
to  participate  in  the  combustion  process,  and  this  coating  is  cemented 
or  similarly  attached  to  the  powder  mass  of  the  grain,  thus  eliminating 
the  possibility  of  the  appearance  of  a  flame  along  the  surfaces.  For 
example,  in  order  for  the  grain  to  burn  only  along  the  surface  of  the 
channel,  the  outer  and  end  surfaces  of  the  grain  are  covered  with  the 
restriction  coating.  As  an  example  of  a  restriction  coating  we  can 
cite,  for  example,  the  composition  of  the  restriction  coating  so  widely 
used  in  the  USA,  which  is  based  on  standard  rubber  S  (USA  standard) 
with  admixtures  of  gas  black,  a  plasticizer,  and  special  vulcanization 

-  256  - 


additives.  For  the  application  of  the  restriction  coating  of  the 
charges,  the  above- Indicated  mixture  Is  prepared  in  specific  propor¬ 
tions  and  rolled  into  sheets  of  required  thickness.  The  grains  are 
rolled  Into  these  sheets  and  kept  under  high  pressure  in  special 
thermostats  (t  »  lOO^C)  for  specific  periods  of  time.  The  rubber  is 
vulcanized  in  the  thermostat,  and  as  a  result  a  reliable  restriction 
coating  for  the  treated  surface  of  the  grain  Is  formed.  Various 
polymerizing  tars  and  synthetic  materials  may  be  eit?)loyed  as  bases 
for  the  restriction-coating  composition  in  addition  to  rubber. 

In  selecting  the  composition  of  the  restriction  coating  it  should 
be  borne  in  mind  that  the  basic  requirements  Imposed  here  are  the 
following: 

—  the  need  to  provide  for  good  adhesion  with  the  surface  of  the 
powder  grains; 

—  instabllty  to  the  action  of  the  fleime  and  the  stream  of  the 
products  of  combustion  along  the  restriction  coating; 

—  preservation  of  properties  over  the  wide  temperature  interval 
of  missile  operation. 

If  the  required  nature  of  the  curve  p  =  p(t)  can  be  achieved  by 
selecting  a  particular  cross-sectional  grain  shape  and  the  partial 
restriction  of  the  charge  surface,  then  the  second  basic  characteris¬ 
tic  of  engine  operation  —  the  burning  time  of  the  charge  —  is  com¬ 
pletely  determined  by  grain  dimensions  and  primarily  by  the  magni¬ 
tude  of  the  so-called  combustion  cupola.  The  combustion  cupola  can 
be  defined  as  the  minimum  distance  between  the  initial  burning  surface 
and  the  position  of  the  flame  front  at  the  final  instant  of  combustion. 
For  example,  in  the  case  of  a  single- channel  cylindrical  grain,  where 
combustion  is  observed  both  along  the  other  surface  as  well  as  in  the 
channel,  the  magnitude  of  the  cupola  e  is  determined  by  the  following 


expression: 


^9  —  'o 

'  2  • 

since  the  position  of  the  flame  front  at  the  end  of  the  combustion 
process  corresponds  approximately  to  the  center  of  the  grain  surface. 
If  one  of  the  surfaces  of  such  a  grain  Is  restricted  and  combustion 
takes  place  only  along  the  surface  of  the  Inside  channel  (or,  con¬ 
versely,  only  along  the  outer  surface),  the  magnitude  of  the  cupola 
will  be 

We  can  see  from  this  example  that,  all  other  conditions  being 
equal,  grains  burning  from  without  and  along  the  surface  of  the 
channel  have  a  thinner  cupola,  l.e.,  a  shorter  operating  time  than 
do  grains  burning  only  along  the  channel  surface  or  only  along  the 
outside  surface.  If  the  bunilng  surface  Is  the  butt-end  surface  of 
the  grain,  then 

and,  since  generally  Lq  »  Rq,  the  time  of  engine  operation  In  this 
case  Is  at  Its  maxlmvun. 

The  detailed  properties  of  charges  of  various  configurations  are 
presented  In  Table  5-1* 

With  a  reduction  In  the  over-all  dimensions  of  the  grain,  the 
thickness  of  the  cupola  In  terms  of  absolute  magnitude  also  diminishes 
and,  therefore,  in  order  to  attain  minimum  combustion  times  multi¬ 
grain  charges  are  mployed.  For  exanqple,  let  a  single-grain  charge 
of  a  single- ctiannel  cylindrical  grain  having  the  dimensions  R^^,  ^01 » 
and  for  the  previous  missile  caliber  be  replaced  by  a  charge  con¬ 
sisting  of  seven  grains  and  a  geometrical  cross  section  similar  to 
the  Initial  grain  (R02*  ^02*  ^*^® 

for  the  charge  will  change  In  this  case.  In  the  first  case,  the  magnl- 


tude  of  the  combustion  cupola  wholly  determined  the  duration  of  grain 
combustion,  and  In  this  case  will  be 


e,.=^ei£aL— ^/i  _5ai  \ 

2  2  I*  rJ 

and,  correspondingly,  in  the  second  case  It  will  be 

2  2  v‘  V 

(©Tsh  cupola  of  a  seven- grain  charge). 


TABLE  5.1. 

Properties  of  Some  of  the  Sln^lest  Types  of  Grains  for 
the  Case  of  Comparable  Charge  Dimensions  (Rq,  r^  =  const) 


CpaVHMTtJbHOe 

ropeHMil 

XapaKxep^^^  2) 
Kpmoft  n 

ropeHMsi  *  /  ^ 

3) 

Majoe 

4) 

CpexHce 

5) 

HaH6oai»iifee 

nporpeccmiiaf 

7) 

UlaiDKM  c  rope- 
RReM  00  nosepx* 

ROCTR  mURMApM* 

lacicoro  xtRaM 

_ 

1  pmeoMt 

/ 

UlamicM*  )opa- 
^■6  caapyxcM  r 

DO  imepXBOCTM 

KlMXa 

^^UiatoKM,  ropii* 
niMe  DO  noaapxHO- 
CTN  icaiiaaa»  hmoio- 
mtro  CJORCHyio 
^pMy;  maittKH  c 
npoiuiaaMH 

10} 

UlamKH,  ro- 
pamne  c  xopua 

AerpeccNBMx 

11) 

i<i) 

UlamKH  c  ropa- 
RRBM  no  RapyncHoA 
noaepXDOCTH 

I)  Nattire  of  the  combustion  curve;  2)  conparative  comn 
bustlon  time;  3)  small;  4)  average;  5)  greatest;  6)  pro¬ 
gressive;  7)  grains  with  combustion  along  the  surface  of 
a  cylindrical  channel;  8)  grains  burning  on  the  outside 
and  along  the  surface  of  the  channel;  9)  grains  burning 
along  the  surface  of  a  channel  of  ccn^lex  shape;  grains 
with  grooves;  10)  grains  burning  at  the  butt-end  surfaces; 

II)  regressive  burning;  12)  grains  burning  along  the 
outside  surface. 


If  we  assiune  that 

and  that  If  the  seven  grains  are  tightly  packed  Into  the  combustion 

chamber,  having  an  Inside  diameter  of  d  , 

vn 


•2/?«.===?. 


we  will  obtain  the  following  for  grains  with  similar  cross  sections 


M'-a  ■ 


l.e.,  in  the  second  case  the  burning  time  for  the  charge  diminishes 
by  a  factor  of  three  in  comparison  with  the  very  fastest  burning  ver¬ 
sion  of  a  single-grain  charge. 

In  making  the  transition  to  a  multigrain  charge,  the  charge  den¬ 
sity  characterized  by  the  weight  of  a  unit  of  charge  length,  as  a  rule 
diminishes  (see  Table  5*2)  and  the  length  of  the  combustion  chamber 
Increases  in  order  to  hold  the  earlier  quantity  of  powder  within  the 
engine.  This  results  in  an  Impairment  of  the  weight  characteristics 
of  the  engine  and,  in  particular,  leads  to  a  reduction  in  the  value 
of  the  ratio  which,  according  to  the  formula  of  K.E.  Tslolkovskly 

determines  the  magnitude  of  the  velocity  acquired  by  the  missile  as  a 
result  of  the  functioning  of  the  rocket  engine. 

TABLE  5.2. 

Comparative  Charge  Density  Characteristic  for 
Powder  Rocket  Charges  Having  Various  Cross- 
Sectional  Shapes 


eopM  MoepMaoro  cewHiM 
l)  ■■■>« 


K«MH<iecTBO  rUonocTb 


4)  OjUMMcaMaMuIvuMiuipa’iecuiiiMniica 

To  IM 

6)  TMecKOBinccRaa  BaBKa. 

GaanmwMiaMaa  BaBsa  VoiBa 
TptutaMaattaaTpesaeoeCTKOMamaiiiKa 
9/  KpccTOO^paaMii  saBxa 


IpOOO 

0,834 

0,010 

0,004 

^1,000 

0,007 

0,000 


l)  Shape  of  ^aln  cross  section:  2)  number  of  grains 
In  charge;  3)  charge  density;  4)  single- channel  cy¬ 
lindrical  grain;  3T  the  same;  6)  telescoping  grain; 

7)  seven-channel  Walsh  grain;  8)  three-channel  three- 
petal  grain;  9)  cxmclform  grain* 
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Let  us  take  note  of  the  fact  that  In  the  case  of  constant  grain- 
cupola  thickness,  the  burning  time  can  be  changed  by  altering  the 
pressure  magnitude  which  determines  the  powder  burning  rate;  however. 
In  this  case,  the  time  of  engine  operation  can  be  changed  only  within 
comparatively  narrow  limits. 

Thus  the  following  applies  with  respect  to  a  preliminary  recom¬ 
mendation  on  the  selection  of  the  type  of  powder  charge  for  the  engine 
being  designed. 

1.  If  thrust  must  be  kept  at  a  constant  level  throughout  the 
entire  period  of  engine  operation,  the  grain  selected  should  be  taken 
from  among  those  burning  from  within  and  having  a  complex  channel 
configuration  or  burning  from  without  and  along  the  surface  of  the 
channel;  for  extremely  long  periods  of  engine  operation,  we  must 
select  a  charge  which  burns  at  the  butt-end  surfaces. 

2.  For  regression  burning,  grains  burning  from  without  should  be 
selected,  or  the  engine  should  be  designed  for  two  thrust  stages. 

3.  Progressive  combustion  Is  achieved  by  grain  shapes  providing 
for  combustion  within  the  channel. 

4.  For  pronounced  reduction  of  operating  time  In  all  three  cases, 
multigrain  charges  should  be  employed.  In  this  case.  It  may  be  assumed 
that  In  first  approximation  burning  time  is  reduced  In  direct  pro¬ 
portion  to  the  Increase  In  the  number  of  grains  in  the  charge. 

Let  us  examine  In  greater  detail  the  problem  Involved  In  the 
selection  of  a  charge  for  engines  with  medium  burning  time.  With  an 
engine  operating  time  of  20-30  seconds  and  higher,  the  basic  problem 
encountered  In  the  achievement  of  a  functioning  design  is  the  matter 
of  preventing  the  overheating  of  the  lift  components  and  the  combus¬ 
tion-chamber  xinits,  and  primarily  of  the  engine  walls.  From  this  stand¬ 
point,  the  charge  version  In  which  burning  takes  place  along  the  sur- 
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face  of  the  inner  channel  is  optimum, 
since  when  densly  packed  into  the 
combustion  chamber  this  charge  re¬ 
liably  Insulates  the  walls  of  the 
chamber  with  a  layer  of  powder  mass 
which,  because  of  its  low  thermal 
conductivity,  is  almost  an  ideal  in- 

Flg-  5-37.  Diagram  of  charge 

with  slit  grooves,  providing  sulating  material.  The  progresslve- 
for  approximate  neutrality  of 

the  curve  p  =  p(t)  with  com-  burning  curve  (p  =  p(t))for  a  grain 
bustion  along  the  surface  of 

the  inside  channel.  1)  Combus-  with  a  simple  channel  (cylindrical), 
tlon  curve  for  siir5)le  single¬ 
channel  grain;  2)  combustion  not  always  desirable  for  an  engine, 
curve  for  compensating  surface. 

may- be  eliminated  or,  at  least,  sub¬ 
stantially  reduced  by  the  introduction  of  auxiliary  regressive  burh- 
ing  surfaces  in  the  grain  or  through  the  utilization  of  so-called 
congjensatlng  grains. 

Figure  5.37  shows  a  grain  in  which  burning  takes  place  along  the 
surface  of  the  channel,  and  this  grain  has  been  processed  in  such  a 
fashion  as  to  keep  the  burning  surface  approximately  constant,  l.e., 
the  combustion  characteristics  of  the  grain  may  be  regarded  as  vir¬ 
tually  neutral. 

The  final  touches  on  the  shape  of  the  grain  involve  the  intro¬ 
duction  of  grooves,  A  ram  wide,  into  the  thickness  of  the  grain  at  its 
end  surface.  Combustion  takes  place  not  only  along  the  sxirface  of 
the  grain  channel  but  along  the  surface  of  the  grooves  as  well.  As  a 
result,  at  the  initial  Instant  the  total  burning  surface  can  be 
markedly  Increased.  As  combustion  progresses,  the  surface  of  the 
grooves  diminishes  as  a  result  of  the  Increase  in  the  dimension  d, 
since 

S  *■»  (D—d)  li  n. 
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The  regressive  nature  of  the  combustion  surfaces  of  the  grooves 
and  the  progressive  nature  of  the  basic  combustion  surfaces  make  It 
possible,  for  a  given  selection  of  the  geometrical  elements  of  the 
grain,  to  attain  approximate  neutrality  of  the  charge-combustion 
characteristic  . 

While  In  order  to  satisfy  the  tactical-technical  requirements 

with  respect  to  thrust  parameters,  the  combustion  surface  must  be 
2 

equal  to  S  cm  ,  the  relationship  between  the  geometrical  elements  of 
the  powder  grain  of  this  type  are  determined  In  first  approximation 
from  the  following  conditions; 

1  5  «=5  .5 


(n  Is  the  number  of  grooves  In  the  charge),  whence 


/  -.5- 

I  -  «^/i  ^  5 
'  ,  n{D—d)^mD' 


(5.35) 


where  1^^  Is  the  length  or  the  groove;  D  Is  the  outside  diameter  of 
the  grain;  d  Is  the  Inside  diameter  of  the  grain;  and  are, 

respectively,  the  Initial  and  final  combustion  surfaces,  or  If  the 
grooves  are  made  symmetrical  with  the  two  ends  of  the  grain: 


‘.-h-  (5-35-) 

Compensating  surfaces  can  be  made  not  only  In  the  form  of  grooves 
at  the  ends  of  the  grain.  Of  the  other  versions  of  such  surfaces  we 
can  cite,  for  example,  the  Inverse  Inside  cone  and  certain  similar 
versions  (Pig.  5.38). 

In  conclusion,  let  us  dwell  In  some  detail  on  the  problem  of 
selecting  the  charge  for  rocket  engines  with  step  characteristics  of 
combustion,  to  whose  development  particularly  great  attention  has  been 
devoted  In  recent  times.  If  we  do  not  consider  the  possible  versions 
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of  an  engine  with  dual  thrust,  In 
which  the  programming  of  thrust  Is 
determined  by  the  structural  features 
of  the  engine  (a  design  with  suc¬ 
cessively  positioned  chambers  forming 
a  single  structural  whole,  and  certain 
similar  features),  the  step  combustion 
characteristic  can  be  attained: 

l)  for  a  limited  combustion  time 
—  by  using  conventional  single¬ 
channel  cylindrical  grains  with  Intermediate  restriction  coating 
(Fig.  5.39)-  In  this  case,  the  grain  may  be  made  of  a  powder  of  one 
and  the  same  brand  or  of  two  various  powders.  In  the  latter  case,  the 
production  techniques  for  the  charge  are  substantially  more  complex 
and  It  becomes  quite  difficult  to  obtain  a  reliably  functioning 
charge j 

2)  for  medium  combustion  time 

—  by  producing  a  composite  grain  using  two  powder  preparations; 
a  fast  burning  preparation  —  for  launch,  and  a  slow  burning  prepara¬ 
tion  for  the  cruising  phases  of  the  flight  (Plg.  5.40); 

—  by  using  two  various  powder  preparations  In  accordance  with 
the  rate  of  combustion  for  the  required  program; 

3)  for  long  operating  times 

—  by  using  two  various  powder  preparations  for  butt- end  combus¬ 
tion.  As  an  exanple  we  can  cite  the  charge  enployed  by  the  US  Navy 
drone  XKDT-1  "Til'  -  [sic]",  shown  In  Pig.  5.4l.  The  charge  Is  made 
entirely  of  a  powder  mixture  having  the  following  composition  (In 


ammonium  nitrate  . 80 

synthetic  rubber .  10 

admixtures  (combustion  catalysts,  carbon 
black,  a  plasticizer,  vulcanization  addi¬ 
tives)  .  10 


Pig.  5.38.  Examples  of  charges 
burning  along  the  surface  of 
the  Inside  channel  with  re¬ 
duced  progressive-burning 
curve  p  =  p(t).  I,  d,  D, 

2p,  and  d')  characteristic 
grain  dimensions . 
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Fig-  5-39-  Example  of  charge  providing  for  dual 
thrust  for  small  period  of  engine  operation, 
®st^  grain  cupola  burning  during  first  stage  of 

engine  operation;  e^j^)  grain  cupola  burning  dur¬ 
ing  the  cruising  regime  of  engine  operation;  l) 
restriction  coating. 


A  greater  combustion  rate  for  the  starting  portion  of  the  charge 
caul  be  obtained  by  changing  the  composition  of  the  catalytic  admix¬ 
tures  somewhat  as  well  as  by  changing  the  production  techniques  In¬ 
volved  In  the  fabrication  of  the  propellant  mixture. 


Fig.  5*40.  Examples  of  charge.s  which  pro¬ 
duce  double  thrust  for  medlvun  periods  of 
engine  operation. 


Given  fixed  charge  geometry,  the  characteristics  of  engine  oper¬ 


ation  C8U1  be  changed  only  through  the  utilization  of  various  propel - 
lauit  mixtures  (for  example,  fast  or  slow  burning  powders,  etc. )  or  by 
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MHM>  pokmu. _ SOBm _ •omit 

daktm . SSa/atK _  WxtAav* 

»«._ . 20n . 

Pig.  5.41.  Diagram  of  charge  used  In  guid¬ 
ed  USA  Naval  Drone  XKDT-1  ^Tll '-[sic]. " 

l)  Cruising  stage  Starting  stage 

of  charge  of  charge 

Operating  time  500  sec  p  ~5  sec  p 

Pressure  35  kg/cra'^  100  kg/cm'^ 

Thrust  20  kg  ~65  kg 

altering  the  operating  pressure. 

§6.  THE  PROBLEM  OP  INJECTING  THE  OPTIMUM  VERSION  OP  A  SINGLE -CHAN¬ 
NEL  CYLINDRICAL  GRAIN  CHARGE  INTO  THE  COMBUSTION  CHAMBER 

Almost  all  field-artillery  missiles  are  baigg  designed  with  a 
multigrain  solld-propellant  charge.  This  can  be  explained  primarily 
by  the  fact  that  with  an  Increase  In  the  active  flight  phase  (l.e., 
with  an  Increase  In  the  burning  time  of  the  charge)  the  firing  ac¬ 
curacy  of  field  rockets,  as  a  rule.  Is  reduced,  so  that  for  these 
missiles  It  Is  desirable  to  have  a  charge  which  exhibits  a  minimum 
of  engine  operating  time.  The  Increase  In  start  overload  In  this  case 
does  not  Impose  any  particular  restrictions  on  the  magnitude  of  x  sec., 
since  even  the  maximum  realistically  possible  launch  overloads,  as  a 
rule,  do  not  produce  any  dangerous  stresses  In  the  elements  of  the 
missile  structure. 

In  designing  a  multigrain  charge.  It  Is  necessary  first  of  all  to 
select  the  number  of  grains  with  which  the  basic  requirements  of  the 
tactical -technical  requirements  with  respect  to  a  rocket  engine  will 
be  satisfied  In  the  case  of  rather  high  ballistic  and  structural  char¬ 
acteristics  (density  of  charge,  ratio,  the  length  of  the  combus- 
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tlon  chamber,  etc.)*  The  problem  here  Is  to  place  a  definite  quantity 
of  powder  (o^kg)  -  In  the  form  of  a  charge  -  Into  the  combustion 
chamber,  and  this  quantity  must  guarantee  the  normal  bunjing  of  the 
powder  In  the  case  of  a  maximum-density  grain.  The  quantity  ca  kg  Is 
generally  determined  during  the  preliminary  selection  of  structural 
and  weight  parameters  for  the  missile.  The  dimension  d^^  mm  -  the  In¬ 
side  diameter  of  the  combustion  chamber  -  characterizes  the  volume 
(space)  In  which  the  charge  can  be  held,  and  this  can  be  found  during 
the  strength  calculations  for  the  chamber. 

The  problem  of  Injecting  Into  the  combustion  chamber  the  optimum 
version  of  a  multigrain  charge  made  of  single -channel  cylindrical 
grains  can  be  solved  In  various  ways  -  through  simple  empirical  selec¬ 
tion  of  various  nimibers  of  grains  to  the  utilization  of  cumbersome 
analytical  calculations.  In  first  approximation,  the  solution  of  this 
problem,  with  a  sufficient  degree  of  accuracy  (and  at  the  same  time, 
with  comparative  simplicity  of  calculation),  can  be  obtained  by  em¬ 
ploying  the  graphical-analytical  method,  and  the  procedure  is  des- 
brlbed  below. 

Let  us  have  a  charge  consisting  of  n  single -channel  cylindrical 
grains  whose  butt -end  surfaces  are  small  In  comparlslon  with  their 
side  surfaces  (for  purposes  of  generality,  we  can,  for  exan5>le, 

assiune  that  the  butt-ends  of  the  grains  have  been  coated).  For  such  a 
charge 

(5*36) 

or  taking  Into  consideration 

d  =  D  -  4e, 

where  e  is  the  combustion  cupola, 

Sttm’~2n  (D—2e)  In.  (5*36') 

Prom  this  equation 
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'>■=2.+^. 


D,  d,  1  are,  respectively,  the  outside  and  Inside  diameters,  and  the 
length  of  the  powder  grain. 

The  obtained  relationship  establishes  a  link  between  the  grain 
of  a  multigrain  charge  and  some  parameters  (e,  n)  which  determine  the 
charge  characteristics  from  the  standpoint  of  the  posed  problem.  However 
there  Is  little  practical  use  for  this  relationship.  Since  It  contains 
the  quantity  which,  generally  speaking,  has  not  yet  been  deter¬ 

mined  and  Is  In  no  manner  associated  with  the  parameters  of  either 
charge  or  engine.  Let  us  express  In  terms  of  these  parameters. 

It  Is  clear  that 

where  v_._  Is  the  volxune  of  the  solid-propellant  charge. 

ZoLZ* 

Separating  the  difference  between  the  squared  diameters  Into  the 
cofactors  and  grouping  the  expression  In  the  right-hand  part  of  the 
eqviatlon  In  a  certain  manner,  we  will  obtain 

whence 


and 


(5.37) 


Now  It  Is  possible  to  break  down  the  over-all  charge  (a),ks)  Into 
n  grains  having  definite  dimensions  (D,  d,  l)  so  that  the  burning  time 
corresponds  to  the  required  (e).  However,  we  do  not  know  whether  such 
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a  charge  can  be  placed  Into  the  combustion  chaunber  of  the  engine,  and 
If  It  can  be  placed,  we  do  not  know  whether  the  charge  will  burn  sta¬ 
bly  there,  l.e.,  the  selection  of  a  possible  charge  version  Is  purely 
formal. 

In  a  like  manner,  we  will  rearrange  the  equality 

(O^Stam  *  T 

to  the  form 

« 

p 

where  =  ('^'d  ^/4)  Is  the  area  of  the  lateral  cross  section  of  the 
combustion  chamberj  P^^  Is  the  free  cross  section  of  the  chamber  when 
n  grains  of  powder  are  placed  Into  It. 

We  know  that  the  parameter 

I'm 


characterizes  the  stability  of  powder  burning  In  the  engine;  we  will 
denote  this  parameter  by  k  and  rewrite  the  latter  relationship,  taking 
Into  consideration  this  denotation,  and  regrouping  the  remaining  terms 


where  P^orts  area  of  the  butt-end  section  of  the  charge. 

We  will  assume  that  in  first  approximation  the  length  of  the  com¬ 
bustion  chamber  is  equal  to  the  length  of  the  grains  contained  within 
the  chamber;  then 


1 


Fffi  Fful 


ji* 

Fmf 


» 
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l.e. , 


whence  the  quantity  co  will  be  determined  In  the  following  form: 


txi 

•»+ / ' 


(5.38) 


Substituting  this  co  Into  (5*37)#  we  will  obtain 


D=2e+ 


I 


(5.39’) 


2m  « 

Let  us  Introduce  the  dimensionless  combinations 


Dividing  both  parts  of  Eq. 


(5.39')  by  d^^. 


(5.40) 


we  Ban  easily  obtain 


1 

""  1 

H 


which  In  dimensionless  terms  Is  written  as  follows: 


1 


S  l+«  f 


H 


(5.39") 


(5.39) 


Now  the  given  weight  of  the  powder  to,  kg,  can  be  divided  Into  n 
such  grains  which  are  contained  In  the  chamber  of  the  engine  being 
designed,  and  will  bum  there  In  a  stable  manner. 

Naturally,  the  grain  version  which  can  be  placed  In  the  combust- 
tlon  chamber  In  dense  packing  will  be  the  optimum  version,  l.e.,  the 
version  for  which  d^^  will  be  the  diameter  of  the  described  circumfer¬ 
ence.  Graphically,  this  version  Is  most  simply  defined  as  the  point  of 
Intersection  between  the  curve  for  Eq.  (5-39)  and  the  so-called  curve 
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of  dense -packing  (Plg.  5«^2).  The  dense-packing  curve  Is  constructed 
along  the  points  of  Table  5.3  which  contains  the  dimensionless  dia¬ 
meters  of  the  various  clrcvimferences  Inserted  around  the  given  dia¬ 
meter  d. 


TABLE  5.3 

Dimensionless  diameters  of  Inserted  circumferences 


n 

4 

4 

n 

4 

It 

4 

n 

4 

n 

4 

1 

1 

7 

0.333 

13 

0,230 

19 

0,200 

25 

0,175 

31 

0.160 

2 

0.5 

8 

0,294 

14 

0.220 

20 

0,196 

26 

0.168 

32 

0.156 

3 

0.464 

9 

0.269 

15 

0.220 

21 

0.189 

27 

0.165 

33 

0.156 

4 

0,414 

10 

0.256 

16 

0,213 

22 

0,184 

28 

0.165 

34 

0.150 

5 

0.370 

11 

0.247 

17 

0.206 

23 

0,176 

29 

0.160 

35 

0.150 

6 

0.333 

12 

0,244 

18 

0.200 

24 

0.172 

30 

0.160 

36 1 

0.15U 

The  curve  of  Eq.  (5.39)  In  coordinates  6,  l/n  is  a  straight  line 

which  passes  through  point  M  (0,  2t) 
at  an  angle  <p  to  the  axis  of  abscissas 
(Pig.  5.^3)  the  tangent  of  which  Is 

1  <  I 


A 

T 

i 

3 

r 

in 

□ 

Pig.  5.42.  Curve  of  dense 
packing  for  dimensionless 
grain  diameters 


‘“■'‘-.i+iT- 

This  straight  line  may  be  directed 

with  respect  to  the  dense -packing  curve 
In  various  ways.  Here,  If  there  Is  a 

single  Intersect  point  (Pig.  5*43)  there 
Is  only  one  solution.  However,  If  the 
curves  Intersect  several  times,  there  Is  a 


corresponding  number  of  charge  versions, 
each  of  which  satisfies  the  optlmvim  condltldns.  It  Is  Impossible  to 
encounter  a  case  In  which  the  curves  will  not  have  any  common  points. 
In  this  case.  If  there  are  a  pair  of  coordinates  for  which  both  curves 
come  rather  close,  the  solution  is  sought  In  the  vicinity  of  this  par- 
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Pig.  5-^3.  For  the  selec¬ 
tion  of  the  optimum  ver¬ 
sion  of  a  multigrain 
charge  made  of  single - 
channel  cylindrical  grains 


Pig.  5.44.  Selection 
of  optimum  charge  ver¬ 
sion  In  the  absence  of 
a  point  of  Intersection 
between  the  curves  (the 
first  case) 


to  achieve  the  practical 
line,  let  us  examine  the 


tlcular  pair  (Plg.  5.44)  and  a  reverse 
calculation  If  performed,  the  Initial 
parameters  for  charge  and  engine  being 
refined  here.  If  there  Is  no  such  pair 
of  coordinates.  It  becomes  necessary  to 
vary  the  Initial  quantities  e,  /c,  1, 
etc.,  attaining  the  required  change  In 
the  orientation  of  the  line 


^  8  I  +  «  «  « 

In  this  case,  the  straight  line  can 
either  be  placed  along  the  6  axis,  so 


that 


8=21,+-! - - - 

8  1+t  €,  «  ’ 


where  ®1  magnl 

tude  of  the  combustion  cupola,  or  the 
straight  line  can  be  turned  about  M  (Pig. 
5.45): 


*8=28+('-l — ? - L\_L. 

In  both  cases,  the  position  of  the 
straight  line  Is  sought  so  as  to  produce  at 
least  a  single  common,  or,  at  least,  suffi¬ 
ciently  close  point. 

For  an  analysis  of  the  methods  used 
lange  In  the  orientation  of  the  straight 
)efflclents  of  Eq.  (5.39): 
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This  coefficient  can  be  Increased  (at  d^^  =  const)  only  by  Increas¬ 
ing  the  thickness  of  a  grain  cupola  e.  In  this  case.  In  order  to  main¬ 
tain  the  given  combustion  time  constant.  It  Is  necessary; 

either  to  Increase  the  pressure  p-|_  in  the  engine,  In  order  to 
achieve  the  required  degree  of  Increase  of  powder -burning  rate. 

-i— »-£l_  /(- 

"(p)  »(pi)  ’ 

or  to  employ  a  different  powder,  exhibiting  the  required  burning  rate 
at  the  former  pressure 

«(p)  »i(p)  ’ 


Thus  the  placement  of  the  straight  line  along  the  6  axis  Is  as¬ 
sociated  with  the  need  to  raise  the  operating  pressure  In  the  engine 
or  to  switch  to  a  new,  slower  burning,  propellant  composition. 


'  \  8  1+t  t/  8  -  # 


The  magnitude  of  the  coefficient  Is  a  function  of  e,  /c,  and  1; 
since  with  a  fixed  a>,  the  values  of  e  and  1  are  mutually  related, 
only  two  parameters  can  be  arbitrarily  changed;  for  example,  k  and  e. 
We  can  see  from  the  formula  that  this  coefficient  Increases  with  an 
Increase  In  k.  In  the  limiting  case  tending  to  the  magnitude  deter¬ 
mined  by  the  following  relationship: 


V  8I+*|/  8  t  -  o  8  t 

and  Increases  with  a  drop  in  e^.  In  which  case 

n«  ^  4.)»-L  i  litt  «. 

^V8  I+«  1/  •  •uL 


(5.41) 


(5.41*) 
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In  actual  practice,  the  coefficient  Is  limited  by  even  lower 
values,  since  In  the  case  of  k  being  greater  than  some  Kpp#  phenomena 
are  observed  In  the  engine  which  are  characteristic  of  unstable  pow¬ 
der-burning  j  because  of  the  limits  In  the  maximum  burning  rate  for 
existing  powder  compositions,  the  quantity  e  cannot  be  lower  than  the 
following: 

With  a  drop  In  /c  and  an  Increase  in  e,  the  coefficient  tends  to 
Its  ihlnlmum  value,  equal  In  both  cases  to  zero: 


(5.42) 


(5.42») 


Thus  the  turning  of  the  straight  line  about  point  M  (Fig.  5.45) 
can  be  achieved  by  a  change  In  the  parameter  k  of  the  engine  or  by 
selecting  a  new  calculation  thickness  for  the  cupola  of  the  grain.  In 
this  case,  an  increase  In  k  and  a  decrease  in  e  (the  use  of  slow- 
burning  powders  and  low  operating  pressures  In  the  engine)  will  cause 
the  straight  line  to  turn  In  a  counterclockwise  direction. 

Since  e  is  Included  In  both  coefficients  of  the  straight -line 
equation.  If  the  straight  line  Is  placed  along  the  6  axis,  the  straight 
line  Is  additionally  turned  about  M  and  with  a  single  turn  there  Is  a 
slight  shift  of  point  M  on  the  5  axis. 

In  conclusion,  we  would  point  out  that  the  ordinates  of  the  points 
of  Intersection,  corresponding  to  Eq.  (5.39)^  with  the  dense-packing 
curve,  divide  the  plane  Into  parts  In  which  the  curve  either  lies 
above  the  straight  line  or,  conversely,  the  straight  line  lies  above 
the  curve.  In  the  first  region,  for  any  number  n  grains  corresponding 


Fig.  5*^5*  Selection  of 
optlmtun  charge  version 
In  the  absence  of  points 
of  Intersection  between 
the  curves  (second  case) 


to  the  dimensionless  diameter  6^,  can 

pi 

be  packed  densely  Into  a  diameter  d^^, 
and  to  place  a  charge  co,  kg.  Into  the 
combustion  chamber,  grains  having  a  dia¬ 
meter  are  required.  Thus  the  charge 

can  toe  placed  In  d^^,  but  the  packing  will 
not  be  dense  (Fig.  5-^6).  In  areas  where 
6>6p^,  the  charge  cannot  be  placed  Into 
the  combustion  chamber,  since  the  grain 
diameter  must  be  greater  than  the  magni¬ 
tude  which  corresponds  to  the  maximum  In¬ 
sertion  of  n  circumferences  in  d^^. 

Let  us  assume  that  It  has  been  possi¬ 


ble  to  achieve  an  Intersection  of  the  curves  which  would  determine  the 


sought  version  of  an  optimum  multigrain  charge.  Before  finally  decid¬ 
ing  on  this  charge  version,  it  is  necessary',  as  a  rule,  to  verify  the 
K  for  the  grain  channel  of  this  charge,  since  a  certain  /c,  average 
over  the  entire  engine,  has  been  Introduced  Into  the  calculation.  For 
this  verification,  we  can  use  the  following  relationship: 


4 


(5.43) 


where  d  =  D  —  4ej  is  the  parameter  of  k  of  the  grain  channel; 

(Sbok)kan  burning  surface  of  the  channel;  (Pgy);^^^  is  4he  free 

cross  section  of  the  channel,  in  which  case  It  Is  assumed 

(8+3)  i^Mpi 

where  is  the  corresponding  ratio  of  areas  for  the  outer  free  cavi¬ 

ty  of  the  engine: 
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Fig.  ^.H6.  Determination 
of  range  of  values  n  and 
6,  corresponding  to  ver¬ 
sions  of  nondense  grain - 
packing  into  the  combus¬ 
tion  chamber.  6pj)  dimen¬ 
sionless  diameter  of 
grain  providing  for  dense 
packing  of  charge  in  com¬ 
bustion  chamber; 

dimensionless  grain  dia¬ 
meter  providing  form 
satisfaction  of  require¬ 
ments  with  respect  to 
parameters  of  interior 
ballistics;  1)  region  of 
nondense  packing 


ADIh  /  c  ;i  h  \ 

§7.  DESIGN  OF  IGNITION  UNIT  FOR  BASIC 
PROPELLANT  CHARGE 

The  basic  charge  of  a  rocket  engine 
is  ignited  as  a  result  of  the  combustion, 
in  the  combustion  chamber,  of  an  auxili¬ 
ary  charge  consisting  generally  of  black 
powder  having  definite  grain  dimensions. 
The  black  powders,  in  a  special  casing 
or  cloth  (calico)  sack,  are  kept  in  the 
forward  part  of  the  combustion  chamber, 
near  the  forward  connection  plate.  For 
the  transmission  of  the  command  pulse  to 
igniter,  the  firing  installations  are 
equipped  with  special  electrical  fire  con¬ 
trol  systems,  a  typical  diagram  of  which 


is  presented  in  Fig.  5* ^7.  The  electrical  system  closes  on  a  contact 


device  (pyrosparkplug)  of  the  missile.  The  pyrosparkplug  contains  a 


special  assembly  referred  to  as  the  pyrocartrldge  which  consists  of  a 
weighed  portion  of  easily  ignited  powder  mass  into  which  a  heating 
element  has  been  Inserted. (Fig. 

With  the  command  "fire"  a  current  appears  in  the  circuit,  arid 


this  current  is  transmitted  through  the  combined  contacts  of  the  fir¬ 


ing  installation  and  missile  to  the  pyrosparkplug.  The  heating  element 
is  actuated  and  the  powder  mass  in  the  pyrocartrldge  burns  up,  produc¬ 


ing  a  force  from  the  flame  which  is  transmitted  to  the  igniter.  As  a 
result,  the  igniter  receives  the  required  command  pulse.  The  products 
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Fig-  5-47.  Diagram  of  electrical  sys-e- 
tarn  for  firing  of  BM-13  weapon,  l) 
Combined  contacts  of  missile  and  In¬ 
stallation;  2)  firing  panels;  3)  pow¬ 
er  supplies;  4)  grounding  of  Installa¬ 
tion  frame 


of  the  combustion  taking  place  In  the  igniter  fill  the  combustion 
chamber,  thus  producing  the  Initial  Increase  In  combustion-chamber 
pressure,  and  these  products  then  stream  out  to  the  nozzle.  The  stream 

of  products  of  combustion,  flushing  the  powder 
grains  of  the  basic  charge,  cause  them  to  ig¬ 
nite. 

The  basic  requirement  Imposed  on  an  Igni¬ 
ter  Is  the  necessity  to  provide  for  conditions 
within  the  combustion  chamber,  which  will  guar¬ 
antee  reliable  Ignition  and  entry  into  a  regime 
of  stable  burning  on  the  part  of  the  basic  charge  of  the  engine,  and 
primarily  to  Increase  the  pressure  In  the  combustion  chamber  to  a  r 
point  somewhat  In  excess  of  the  pressure  required  for  rated  engine 
operation.  Since  the  magnitude  of  the  specific  gas  formation  of  the 
substance  In  the  Igniter  Is  a  physical  constant,  the  pressure  produced 
In  the  engine  as  the  result  of  the  burning  up  of  the  Igniter  can  be 
entirely  determined  by  the  mass  of  consumed  substance  and  the  struc¬ 
tural  features  of  both  charge  and  engine.  In  first  approximation  we 


Fig.  5.48.  Pyrocar- 
t ridge  (sparkplug) 
of  M-13  rocket  mis¬ 
sile 
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assume  that  the  use  of  black  powder  as  the  Igniter  Is  necessary  for 
reliable  Ignition  of  the  basic  charge,  so  that  each  liter  of  free  com¬ 
bustion-chamber  volume  requires  1.5-2  g  of  the  Igniter,  l.e., 

=  (l.5-2.0)Vg^  g, 

where  Is  the  weighed  portion  of  the  Ignition  composition.  In  this 
case,  the  free  volume  can  be 


where  1.15  Is  employed  to  take  Into  consideration  the  presence,.’ in*- the 

engine,  of  the  space  behind  the  diaphragm  as  well  as  the  free  space 

at  the  forward  connection  plate j  1^^  Is  the  length  of  the  grain  charge; 

s.  .  Is  the  area  of  the  butt -ends, 
torts 

Thus  to  calculate  the  required  weighed  portion  In  the  Igniter,  In 
first  approximation,  we  can  use  the  following  formula; 


?,=(1.65-H2,2)(^-ns,^)/..  (5-45) 

Under  actual  conditions,  the  Ignition  process  Is  a  function  not 
only  of  the  magnitude  of  the  Initial  free  volume,  but  of  the  structural 
features^(5f  the  charge  and  the  engine.  It  Is  Impossible  to  derive  the 
theoretical  formula  for  the  detemilnatlon  of  the  required  q^.  In  terms 
of  charge  and  parameters;  therefore,  the  final  weighed  portion  of  Ig¬ 
niter  Is  selected  on  the  basis  of  results  obtained  In  experimental  Ig¬ 
nitions. 

For  the  selection  of  the  Igniter  for  multigrain  charges  consis¬ 
ting  of  single -channel  cylindrical  grains,  we  cam  recommend  the  empir¬ 
ical  relationship,  obtained  In  the  following  form: 

q^  =  S2[c3m^]aj^j.[cm^]  g; 

However,  this  formula  makes  no  pretense  at  being  universal,  l.e..  It 
does  not  cover  all  of  the  various  engines  employing  raultlgraln  charges. 
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Chapter  6 


ELEMENTS  OF  THE  EXTERIOR  BALLISTICS  OF  AN  UNGUIDED 
SOLID-PROPELLANT  ROCKET  MISSILE 

§1.  Flight  Trajectory  of  Ungulded  Rocket  Missile 

Definitions.  Coordinate  Systems 

Exterior  ballistics  study  the  laws  governing  the  motion  of  mis¬ 
siles  and  rockets  through  the  air  as  well  as  the  methods  of  control¬ 
ling  these  laws.  The  application  of  the  fundajnentals  of  exterior-bal¬ 
listic  theory  to  practice  makes  It  possible  to  design  a  rocket  missile 
which  can  satisfy  the  tactical -technical  requirements  In  terms  of  flr- 


Flg.  6.1.  Flight  trajectory  of  un¬ 
guided  rocket  In  ground  system  of 
coordinates  A)  end  of  active  phase j 
l)  position  of  target 

Ing  range  and  accuracy. 

In  the  general  case,  the  flight  trajectory  of  a  rocket  missile  Is 
a  spatial  curve  having  Its  origin  at  the  point  of  missile  laxinch.  It 
Is  the  practice  to  determine  this  curve  In  a  so-called  system  of 
ground  coordinates  (Fig.  6.1). 


-  280  - 


The  point  that  coincides  with  the  point  of  rocket  launch  Is  gen¬ 
erally  taken  as  the  origin  of  a  ground  system.  The  coordinate  axes  are 
positioned  so  that  one  of  the  axes,  generally  denoted  Oy,  Is  vertical, 
while  the  two  remaining  axes  are  arbitrarily  oriented  In  the  horizon¬ 
tal  plane.  If  the  target  vector  OM  Is  drawn  through  the  ground  coor¬ 
dinate  system,  the  plane  defined  by  the  Oy  axis  and  the  vector  0^  Is 
referred  to  as  the  firing  plane.  The  firing  plane  Is  a  characteristic 
of  the  ground  coordinate  system. 

The  flight  trajectory  of  a  rocket  Is 
completely  determined  If  the  mutual  Inter¬ 
relationship  of  the  ground  coordinates 
f(x,  y,  z)  =  0  Is  known;  In  this  case, 
the  nature  of  rocket  motion  along  the  tra¬ 
jectory  will  be  a  function  of  the  law  gov¬ 
erning  the  time -variance  of  the  rocket- 
position  coordinates  on  the  trajectory: 

x~x(t), 

y^yOh 

The  motion  of  a  rocket  along  Its  trajectory  represents  only  a 
transient  phase  of  Its  total  motion.  The  second  part  of  this  motion  Is 
the  relative  rotation  of  the  rocket  about  a  point  of  the  rocket  which 
lies  on  the  trajectory  line  (the  center  of  rocket  gravity).  This  mo¬ 
tion  Is  generally  referred  to  as  relative  and  regarded  as  pertaining. 

In  this  case,  to  a  flying  rocket,  with  the  Introduction  of  an  addition¬ 
al  movable  coordinate  system  associated  with  the  shifting  body.  This 
Is  referred  to  as  a  connected  coordinate  system.  The  origin  of  the 
connected  coordinate  system  coincides  with  the  center  of  rocket  grav¬ 
ity;  the  axes  of  the  system  are  so  chosen  as  to  cause  the  Ox*  axis 


Pig.  6.2.  Axes  of  a  con¬ 
nected  coordinate  system 
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to  coincide  with  the  longitudinal  axis  of  the  rocket,  and  the  Oy '  axis 
Is  chosen  so  as  to  maintain  the  vertical  position  (in  the  absence  of 
roll)  of  the  coordinate  plane  x'Oy'.  With  this  choice  of  axes  for  the 
connected  coordinate  system  of  a  rocket  situated,  without  roll,  in  the 
firing  plane,  the  plane  x'Oy'  coincides  with  the  firing  plane.  The  axes 
of  the  connected  coordinates  are  oriented  with  respect  to  the  rocket, 
and  this  Is  presented  In  Fig.  6.2. 

Through  the  Introduction  of  the  connected  system  of  coordinates, 
the  relative  rotation  of  a  rocket  can  be  studied  as  a  change  In  the 
relative  position  of  the  axes  of  both  the  ground  and  connected  coordin¬ 
ate  systems.  In  this  case,  the  following  coordinate  angles  are  Intro¬ 
duced:  the  angle  of  pitch  6,  the  angle  of  yaw  f,  and  the  angle  of  roll 
<p. 

The  pitch  angle  Is  the  angle  between  the  Ox'  axis  of  the  connected 
coordinate  system  and  the  plane  xOz  of  the  ground  system.  For  the  sake 
of  clarity,  the  angle  of  pitch  can  be  presented  as  the  angle  between 
the  axis  of  the  rocket  and  the  horizontal  plane.  The  angle  of  yaw  is 
the  angle  between  the  axis  of  the  rocket  and  the  firing  plane.  This 
angle  Indicates  the  extent  to  which  the  rocket  deviates  from  Its  pos¬ 
ition  in  the  firing  plane.  And,  finally,  the  angle  of  roll  Is  the  angle 
between  the  x'Oy'  plane  of  the  connected  coordinate  system  and  the  fir¬ 
ing  plane.  This  angle  characterizes  the  turning  of  the  rocket  about 
Its  longitudinal  axis. 

The  angles  0,  if,  and  9  are  presented  In  Fig.  6.3*  For  simplicity, 
the  diagrams  show  special  cases  which  are  best  demonstrated  graphical¬ 
ly. 

Thus  to  determine  the  position  of  a  rocket  In  space  at  an  arbi¬ 
trary  Instant  of  time  t,  we  must  know  the  law  governing  the  shift  of 
the  center  of  gravity  for  a  rocket  along  the  trajectory  relative  to 
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Fig.  6.3.  Determination  of  angles  of  6,  f, 
and  <p  of  the  rocket.  0)  angle  of  pitch  for 
rocket  situated  In  firing  plane;  f)  angle 
of  yaw  for  a  rocket  flying  at  an  angle 
0  =  0;  <p)  angle  of  roll  for  a  rocket  fly¬ 
ing  with  0  =  0,  <p  =  0 

the  ground  system  of  coordinates ; 


y=y(th 

z=z(i) 


(6.1) 


and  the  nature  of  the  relative  rotation  of  the  rocket  about  the  center 
of  gravity,  l.e.,  the  position  of  the  axes  of  the  connected  coordinate 
system  relative  to  the  coordinate  planes  of  the  ground  system. 


(6.1') 


Missile  flight  trajectories  can,  with  a  great  degree  of  accuracy, 
be  regarded  as  plane  curves  situated  entirely  In  the  firing  plane,  with 
the  exception  perhaps  of  individual  phases  In  which  the  rocket  shifts 
from  its  position  In  the  firing  plane  as  a  result  of  external  and  In¬ 
ternal  disturbing  forces.  The  trajectories  of  short-range  rockets  - 
field  artillery  rocket  missiles  -  are  particularly  close  to  plane  curves 
If  the  flight  trajectory  is  regarded  as  a  plane  curve.  It  Is  ex¬ 
pedient  to  orient  the  ground  coordinate  system  so  that  the  xOy  plane 
coincides  with  the  firing  plane.  In  this  case,  the  trajectory  can  be 
examined  In  the  xOy  plane  and  the  position  of  the  rocket  on  the  tra- 
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Jectory  pan' be  determined  by  means  of  the  following  coordinates: 


‘y“y(0. 

•=•(0, 

t=+(0. 


(6.2) 


In  addition  to  the  ground  and  connected  system  of  coordinates, 
we  must  use  yet  another  coordinate  system  In  the  study  of  rocket  mo¬ 
tion;  .this  new  system  takes  Into  aonsideratlon  the  direction  of  the 


Fig.  6.4.  The  axes  of  a  flow-system 
of  coordinates 

motion  of  the  approaching  stream  of  air  with  respect  to  the  rocket. 
This  coordinate  system  Is  referred  to  as  a  flow  coordinate  system. 

The  aoces  of  the  flow  coordinate  system  are  selected  so  that  the 

axis  of  the  system  coincides  with  the  vector  representing  the  absolute 
velocity  of  rocket  motion  (l.e.,  so  that  It  coincides  with  the  direc¬ 
tion  of  the  velocity  of  the  approaching  air  stream  and  so  that  It  Is 
directed  against  this  stream);  the  Oy^^  axis  Is  selected  so  that  In  the 
case  of  if  =  0  the  plane  coincides  with  the  firing  plane;  the 

third  axis,  the  axis.  Is  chosen  to  be  perpendicular  to  the  first 
two  axes.  The  flow  system  of  coordinates  Is  examined  In  greater  detail 
below.  The  axes  of  the  flow  system  of  coordinates  are  presented  In 
Pig.  6.4. 
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Elements  of  the  Trajectory  In  the  Case  of  Ungulded  Flight 

The  basic  external  feature  of  a  rocket  flight  trajectory  Is  the 
presence  on  the  trajectory  of  two  successive  phases  -  an  active  and 
a  passive  phase. 

The  active  phase  of  the  trajectory  Is  the  one  over  which  the 
rocket  flies  with  an  operating  engine.  It  Is  during  this  phase  that 
the  rocket  Is  accelerated  to  the  so-called  velocity  at  the  end  of  the 
active  flight  phase,  and  It  Is  this  velocity  that  Is  generally  the 
maximum  velocity  for  the  entire  trajectory. 

In  the  passive  phase  of  the  trajectory  (the  free-flight  phase) 
the  engine  Is  no  longer  In  operation  and  the  flight  continues  as  a 
result  of  Inertia  due  to  the  reserve  of  kinetic  energy  acquired  by 
the  rocket  during  the  active  phase  of  the  flight.  On  the  ascending 
branch  of  the  passive  trajectory  phase  the  velocity  of  missile  motion 
gradually  diminishes  to  some  minimum  value  which  corresponds  to  the 
Instant  at  which  the  missile  attains  the  peak  of  the  trajectory,  and 
the  velocity  of  missile  motion  then  Increases  on  the  descending  branch. 

The  firing  of  a  solid-propellant  rocket  missile  Is  generally 
carried  out  by  means  of  a  special  launching  Installation  that  has  a 
guide -rail  device  of  a  given  design.  The  motion  of  the  missile  along 
the  guide -rails,  to  the  Instant  at  which  It  leaves  the  rails.  Is  some¬ 
times  Isolated  In  an  Independent,  so-called  Initial,  trajectory  phase. 
To  attain  the  required  flight  range,  the  launching  Installation  must 
be  set  up  at  a  certain  angle  to  the  horizon.  This  angle  Is  referred  to 
as  the  firing  angle. 

A  typical  flight  trajectory  for  an  unguldad  rocket  missile  Is 
presented  (for  the  case  of  motion  In  the  xOy  plane  which  coincides 
with  the  firing  plane)  In  Fig.  6.5*  It  should  be  borne  In  mind  that  if 
we  refer  to  the  OM  vector  as  the  target  vector,  drawn  from  the  point 
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Fig.  6.5.  Diagram  of  flight  trajectory  for 
unguided  rocket  missile.  OA)  active  phase  of 
trajectory;  AM)  passive  phase  of  trajectory; 
an)  ascending  branch  of  passive  phase;  NM) 
descending  branch  of  passive -.phase;  ) 

iflAiimum  flight  range;  maximum  height 

of  trajectory;  v„„)  missile  velocity  at 

end  of  active  phase  of  trajectory;  Cq) 

angle  of  firing  Installation  (firing  angle); 

V  .  )  minimum  rocket -miss lie  velocities; 
min' 

1)  Firing  point;  2)  position  of  target. 

of  missile  launch  to  the  point  which  corresponds  to  the  position  of 
the  target  against  which  the  firing  Is  being  carried  out,  then  In  the 
general  case  this  vector  might  not  coincide  with  the  direction  of  the 
Ox  axis  (even  In  the  case  of  a  plane  trajectory). 

Fig.  6.6  shows  how  total  missile  velocity  changes  with 
dits.imotlon  along  the  trajectory.  The  curve  presents  a  qualitative 
illustration  of  the  nature  of  velocity  change. 

The  relative  extent  of  the  active  trajectory  phase.  In  comparison 
with  the  remaining  portion  of  the  trajectory.  Is  not  too  great.  For 
example.  In  the  case  of  solid -propellant  rockets  having  a  range  of 
several  tens  of  kilometers.  It  may  amount  to  several  hundreds  of  me¬ 
ters,  l.e..  It  has  a  relative  extent  of  the  order  10^.  Therefore,  In 
tentative  ballistic  calculations,  the  active  phase  of  the  trajectory 
need  not  be  taken  Into  consideration,  and  assuming  that  the  missile 
requires  Its  virtually  at  the  point  of  launching,  we  can  examine 

a  simplified  trajectory  diagram. (Fig.  6.7). 
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As  an  example  of  solid-propellant  rocket  missiles  whose  ungulded 
flight  trajectories  can  be  schematically  presented  by  the  curves  shown 
In  Figs.  6.5  or  6.7*  we  can  cite  the  well-known  rockets  of  the  USA 
Army:  "Corporal"  (exhibiting  a  range  of  80  km)j  "Honest  John"  (exhibit¬ 
ing  a  range  of  the  order  of  35  km); 
"Lacrosse"  (exhibiting  a  range  of 
the  order  of  30  km);  "Sergeant" 
(exhibiting  a  range  of  the  order  of 
80  km),  and  many  others. 

Solld-propellant  missiles  can 
be  made  as  guided  rockets  as  well. 

As  an  example  of  such  a  rocket,  we 
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Fig.  6.6.  Nature  of  change  In 
velocity  during  motion  of  rock¬ 
et  along  trajectory  l)  active 

phase  of  trajectory;  2)  ascend-  missiles* 

Ing  branch;  3)  descending  branch  loiiowing  missives. 

4)  passive  phase  of  trajectory  "paloon"  (USA  an  "alr-to-alr"  sys- 
tern);  the  "Sidewinder"  (USA,  an  "alr-to-alr"  system);  the  "Dart" 

(USA,  antitank);  the  "Cobra"  (Swltz<=rland,  antitank);  the  "Flrestreak" 
(Great  Britain,  an  "alr-to-alr"  system);  "SS-ll"  (Prance,  antitank). 
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Fig.  6.7.  Simplified  diagram  of  a  flight 
trajectory  for  ungulded  rocket  missile 
1)  curve  showing  change  In  velocity  for 
simplified  trajectory  diagram 


The  nature  and  form  of  the  flight  trajectories  for  these  missiles 


are  functions  of  many  factors  and  primarily  of  the  mutual  position  be- 
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tween  the  target  and  the  launching  site  of  the  rocket  at  the  Instant 
of  firing,  as  well  as  of  the  presence  and  nature  of  the  defensive 
manuvers  carried  out  by  the  target;  In  addition,  they  are  functions 
of  the  tactical -technical  data  pertaining  to  the  equipment  and  the 
entire  guidance  system  or  homing  system  employed  by  the  missile,  etc. 
The  present  work  does  not  consider  those  problems  associated  with  the 
theory  of  guided  flight.* 

§2.  FORCES  AND  MOMENTS  ACTING  ON  MISSILE  DURING  PLIGHT 


Any  shift  of  a  body  In  space 
Is  the  result  of  the  action  of  ex¬ 
ternal  forces  and  moments  on  that 
body. 

Exsimlnlng  the  flight  of  a  rock¬ 
et  missile,  we  can  see  easily  that 
the  nature  of  rocket  motion  In  space 
Is  determined  by  the  action  of  three 
forces  on  that  body:  R^  Is  the  force  of  rocket-engine  thrust; 

Is  the  total  force  produced  by  the  Interaction  of  the  rocket  and  the 
approaching  air  stream  which  decelerates  the  rocket  motion  and  deflects 
the  flight  of  the  rocket  from  an  Ideal  curve;  mg  is  the  mass  gravita¬ 
tional  force  (weight  of  the  rocket).  A  diagram  of  these  forces  can  be 
seen  In  Pig.  6.8.  In  the  case  of  a  guided  rocket,  to  the  forces  shown 
In  Pig.  6.8,  we  must  add  the  guidance  forces  applied  to  the  control 
elements  of  rocket  flight. 

In  the  discussion  of  the  problems  relating  to  the  Interior  ballis¬ 
tics  of  a  solid-propellant  rocket  engine  It  was  stated  that  the  thrust 
of  the  engine  Is  produced  as  a  result  of  the  action  of  the  products  of 
combustion  of  the  solid -propellant  working  charge  being  discharged 


Diagram  of  Forces  and  Moments 


Fig.  6.8.  Total  diagram  of  for¬ 
ces  acting  on  solid-propellant 
missile  In  flight 


% 
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through  the  nozzle  of  the  engine.  The  direction  of  thrust  coincides 
with  the  axis  of  the  nozzle,  l.e.,  with  coaxial  positioning  of  the 
engine  In  the  missile,  the  direction  of  thrust  coincides  with  the 
longitudinal  axis  of  the  missile.  In  calculating  the  thrust,  we  should 
employ  Relationship  (4.52)  or  the  simplified  Relationship  (4.53). 

The  mass  gravitational  force  (the  weight  of  the  rocket),  as  Is 
generally  the  case.  Is  the  resultant  of  the  gravitational  forces  act¬ 
ing  on  Individual  component  parts  of  the  solld-propellant  missile.  The 
point  at  which  these  forces  are  applied  Is  referred  to  as  the  center 
of  gravity.  In  terras  of  direction,  the  gravitational  force  coincides 
with  the  direction  of  the  vertical  at  the  corresponding  point  on  the 
trajectory. 

In  the  case  of  missile  flight  through  the  air,  the  approaching 
streeun  acts  on  the  airframe  of  the  rocket.  The  result  of  this  action 
can  be  shown  In  the  form  of  a  rocket -surface  distribution  of  excess 
normal  pressure  and  the  tangential  forces,  with  the  resultant  of  the 


Fig.  6.9*  Components  of  the  resultant  of 
aerodynamic  force  In  the  flow  system  of 
coordinates. X)  force  of  frontal  resistance 
(drag)j  y)  lift 

total  system  referred  to  as  the  total  aerodynamic  resistance  force. 
The  point  at  which  the  total  aerodynamic  force  Is  applied  Is  referred 
to  as  the  center  of  missile  pressure.  The  position  of  the  pressure 
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center  Is  a  function  of  the  aerodynamic -force  component  distribution 
diagram.  It  is  generally  assumed  that  the  center  of  pressure  Is  situ¬ 
ated  on  the  rocket's  axis  at  the  point  being  calculated  In  each  speci¬ 
fic  example.  The  vector  of  the  total  aerodynamic  resistance  force. 

In  the  general  case.  Is  arbitrarily  oriented  In  space  In  a  direction 
opposite  to  the  direction  of  missile  motion.  This  vector  Is  conven¬ 
tionally  associated  with  the  flow  system  of  coordinates  and  presented 
In  the  form  of  three  components  that  are  oriented  along  the  axis  of 
the  system.  The  corresponding  components  are  referred  to  as  the  force 
of  resistance,  lift,  and  lateral  forces  (Fig.  6.9) • 

Since  It  was  assumed  that  In  the  tentative  calculations  the  tra¬ 
jectory  could  be  regarded  as  a  plane  curve,  naturally  the  force  Z 
can  be  neglected  and  the  velocity  vector  "v  as  coinciding  with  the 
firing  plane.  In  this  case,  the  true  aerodynamic  force  Is  re- 

placed  by  the  force  R'  which  Is  sufficiently  close  to  It  In  magnitude, 
and  It  becomes  therefore  possible  to  simplify  substantially  the  system 
of  aerodynamic  forces,  reducing  It  to  the  resistance  and  lift  forces 
lying  above  the  plane  that  Is  coincident  with  the  firing  plane  (Pig. 
6.10).  These  components  are  generally  examined  In  the  Investigation 
of  aerodynamic  forces  acting  on  the  rocket  in  flight. 

We  can  see  from  Pig.  6.8  that  there  are  two  points  of  application 
of  external  forces  on  the  rocket  -  the  center  of  gravity  and  the  center 
of  pressure.  It  Is  convenient  to  refer  the  forces  to  some  single 
point,  such  as,  for  example,  the  center  of  gravity  at  which  the  origins 
of  both  the  flow  and  connected  coordinate  systems  coincide. 

For  this  purpose,  two  nnitually  balancing  forces  are  applied  at 
the  reference  point  (in  our  case,  the  center  of  missile  gravity); 
these  two  mutually  balancing  forces  are  coincident  In  terms  of  magni¬ 
tude  and  line  of  action  with  the  force  being  referred.  The  equlll- 
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Pig.  6.10.  Simplified  diagram  of  compon¬ 
ents  of  total  aerodynamic  resistance 
force 

brlum  of  the  body  or  the  nature  of  Its  motion,  given  this  application 
(8f  forces.  Is  not  disturbed.  Let  us  now  examine  all  three  forces,  and 
we  will  see  easily  that  they  can  be  presented  In  the  form  of  the  sum 
of  the  force  applied  to  the  reference  point  and  the  moment  of  the 
couple  of  two  forces  about  this  point.  The  magnitude  and  direction  of 

the  force,  upon  Its  reference,  are  kept  constant; 
the  additional  moment  Is  determined  by  the  magni¬ 
tude  of  the  force  and  the  distance  from  the  point 
of  Initial  application  of  force  to  the  reference 
point.  Figure  6.11  Is  an  example  of  the  refer¬ 
ence  (reduction)  of  aerodynamic  lift  to  the  cen¬ 
ter  of  missile  gravity  for  the  particular  case  of 
the  position  of  the  vector  of  this  force. 

Figure  6.12  shows  the  total  calculation  dia¬ 
gram  of  forces  and  moments  referred  to  the  cen¬ 
ter  of  missile  gravity.  This  diagram  of  forces 
and  moments  for  the  simplified  version  of  a 
plane  trajectory,  coincident  with  the  firing 
plane.  Is  presented  in  Pig.  6.13.  A  comparison 
of  Figs.  6.12  and  6.13  shows  that  In  the  latter 


gram  referring 
force  to  center 
of  missile  gravi¬ 
ty.  and  Y_ 

are  the  conven¬ 
tional  vectors 
referring 
Y  to  the  center 
of  missile  gravi¬ 
ty 
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case  the  lateral  component  of  the  aerodynamic  force  disappears, 
while  all  the  remaining  forces  are  referred  to  a  single  plane. 

With  respect  to  the  moments,  the  situation  is  the  following;  in  the 
general  case,  even  in  a  plane  system  of  forces,  it  is  expedient  to 
examine  all  three  moments  M^,  M^,  and  M^p,  in  which  case  the  deter¬ 
mining  moment  of  finned  missiles  is  Mg,  whereas  M^,  and  reflect 
only  the  possibility  of  the  rocket  executing  oscillatory  motions  in 
the  corresponding  planes  about  the  center  of  missile  gravity,  with 
limited  possible  angular  displacements.  In  the  case  of  turbojet  mis¬ 
siles,  rotating  during  flight.  Mg  and  M^p  are  determining. 


Pig.  6.12.  Calculation  dlagreim  of  forces 
and  moments  referred  to  the  center  of 
missile  gravity 


Since  all  three  groups  of  forces  acting  on  the  rocket  missile 
during  flight  were  determined  in  various  systems  of  coordinates,  it 
is  necessary  to  link  these  systems  with  one  another.  For  the  case  of 
a  plane  trajectory,  the  indicated  relationship  is  established  if  the 
coordinates  of  the  centers  of  the  movable  systems  (the  connected  and 
flow  system)  are  assumed  with  respect  to  the  ground  coordinate  system 
and  the  angles  between  positive  directions  of  the  coordinate  axes. 

The  angle  between  the  longitudinal  axis  of  the  rocket,  colnci- 
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dent  with  the  Ox'  axis  of  the  connected  coordinate  system  and  the  Ox 
axis  of  the  ground  system  Is  defined  as  the  angle  6  of  rocket  pitch. 


Fig.  6.13.  Calculation  diagram  of  refer¬ 
red  forces  and  moments  for  the  case  of 
flight  In  the  firing  plane 

In  addition  to  this  angle,  we  generally  examine  the  angle  between 
the  Ox'  and  Ox^^  axes  of  the  connected  and  flow  coordinate  systems,  res¬ 
pectively.  This  angle  Is  referred  to  as  the  angle  of  missile  attack 
which  Is  denoted  by  a. 

The  third  ajigle  -  between  the  Ox^  of  the  flow  coordinate  system 
and  the  Ox  eucls  of  the  gi?ound  system  -  Is  determined  In  terms  of  the 
first  two  as  follows:  0  =  6  —  a.  The  angle  characterizes  the  dlrectloi 
of  the  tangent  to  the  trajectory  at  the  given  point  of  flight,  since 
the  vector  “v  of  total  velocity  Is  always  tangential  to  the  trajectory: 


where  Xj^  and  are  Instantaneous  coordinates  of  the  position  of  the 
center  of  gravity  on  the  trajectory. 

Now  It  Is  easy  to  separate  those  active  forces  from  the  entire 
system,  which  cause  the  rocket  to  move  forward,  as  well  as  those 
forces  which  decelerate  the  motion  of  the  rocket.  For  this  It  Is 
enough  to  project  all  of  the  forces  onto  the  Ox^^  axis  which  determines 
the  direction  of  motion. 
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As  a  result  of  this  projection  It  turns  out  that  the  only  moving 
force  Is  the  projection  of  the  thrust  of  the  rocket  engine. 

F tg^^t  cot  O, 

whereas  frontal  resistance  X  and  the  rocket-weight  component  represent 
forces  offering  resistance  to  this  motion: 

fcoBp—^+m|f  8in(l— o). 

The  second  component  of  the  force  of  gravity  Is  offset  by  lift  Y. 

For 


1. e. ,  when 


F„>Fggg^  \ 

X  -f  wf  — «> 


the  resultant  of  these  two  forces 

Is  directed  so  as  to  coincide  with  the  motion  of  the  rocket.  Under 
the  action  of  rocket  accelerates,  acquiring  ever  Increasing 

velocity. 

For  the  passive  phase  of  the  trajectory  =  0  Is  the  resultant 

of  the  forces  F^^^  and  FgQpj,  and  Is  directed  against  the  motion  of  the 

rocket  thus  causing  the  rocket  to  be  decelerated. 

Strictly  speaking,  the  following  equations 

F cos  a 
Fcoof^X+ing  sin(f — a) 

are  valid  only  for  the  ascending  branch  of  the  trajectory. 

In  motion  over  the  descending  branch  of  the  trajectory,  accord¬ 
ing  to  Fig.  6.l4 

Fjn— mg  8in(— I— a). 

Fgm^ 

l.e.,  even  in  the  absence  of  engine  thrust  there  Is  a  component  di¬ 
rected  to  coincide  with  the  direction  of  rocket  motion.  The  pre- 

-  294  - 


Fig.  6.l4.  Relationship  of  forces 
on  the  descending  branch  of  the 
trajectory 

senoe  of  this  force  explains  the  nature  of  the  change  In  missile  vel¬ 
ocity  on  the  descending  branch  of  the  trajectory  (Fig.  6.6). 

As  a  result  we  find  that  the  following  basic  forces  and  moments 
act  on  a  rocket  In  flight:  the  thrust  of  the  rocket  engine;  mg, 

the  force  of  gravity,  equal  to  the  weight  of  the  missile;  X  and  Y, 
the  components  of  the  aerodynamic  resistance;  Mg,  the  pitch  moment; 

Mjp,  the  roll  moment;  M^,  the  yaw  moment,  and  for  the  passive  phase 
of  the  trajectory  R^  =  0. 

Diagrams  of  the  active  forces  on  the  ascending  and  descending 
branches  of  the  trajectory  are  presented  In  Figs.  6.13  and  6.14.  These 
diagrams  can  be  used  If  It  Is  assximed  that  the  rocket  moves  along  a 
trajectory  lying  In  the  firing  plane. 

The  Force  of  gravity.  Calculation  of  Weight  and  Position  of  Center 
of^  rilsslle  gravity 

In  the  case  missile  flight  within  the  limits  of  the  terrestrial 
gravitational  field,  among  other  forces,  the  force  of  terrestrial 
gravitation,  referred  to  as  the  force  of  gravity,  acts  on  the  missile. 
The  force  of  gravity  P  Is  proportional  to  the  mass  of  the  body.  The 


proportionality  factor  Is  referred  to  as  the  acceleration  of  the 
force  of  gravity: 

P  =  mg 

g  =  9*81  m/sec^  (at  the  surface  of  the  earth) 

The  center  of  the  gravitational  forces  acting  on  each  Indi¬ 
vidual  part  of  this  body  Is  called  the  center  of  gravity  for  a  solid 
(for  example,  a  rocket  missile) . 

The  physical  representation  of  the  force  of  gravity  Is  the  weight 
of  the  body.  Therefore,  the  point  of  application  of  the  resultants  of 
the  system  of  vectors  representing  the  weight  of  Individual  points  In 
the  system  Is  another  way  of  describing  the  center  of  gravity.  Given 
this  definition  for  the  center  of  gravity,  the  action  of  the  force  of 
gravity  on  a  system  of  material  points  or  on  a  solid  can  be  reduced 
to  the  total  weight  of  the  system  of  points  or  the  given  solid  under 
consideration,  said  force  applied  at  the  center  of  gravity  of  this 
body. 

As  a  result.  In  order  to  take  Into  consideration  the  actlonoof 
the  force  of  gravity  on  a  solid-propellant  rocket  missile  moving  In 
accordance  with  definite  laws  on  Its  trajectory.  It  Is  necessary  to 
find  the  weight  of  the  missile  and  the  point  of  application  of  this 
weight  -  the  center  of  missile  gravity. 

The  weight  of  a  uniform  solid  Is  generally  held  to  be  proportion¬ 
al  to  the  volume  occupied  by  this  body: 

P~mg^fgV--XV:  (6.3) 

where  p  Is  the  density  of  the  substanca^  of  the  given  body;  y  is  the 
specific  weight  of  the  body;  V  Is  the  volume  of  the  body. 

On  the  whole,  a  missile  cannot  be  regarded  as  a  continuous  unli* 
form  solid  body;  however,  this  assumption  Is  completely  valid  for  In¬ 
dividual  component  parts  of  the  missile.  Consequently,  In  order  to  c' 


calculate  the  weight  of  a  missile.  It  Is  necessary  to  sum  the  weights 
of  all  component  parts  employed  In  the  final  assembly.  In  which  case 
the  weight  of  the  Individual  component  parts  can  be  defined  In  terms 
of  their  volume  and  the  specific  weight  of  the  material  employed. 

In  the  assembly  of  a  solld-propellant  reaction-thrust  (rocket) 
missile  we  encounter  component  parts  for  which  It  Is  not  difficult 
to  calculate  volume  (for  example,  the  cylindrical  frame  of  the  com¬ 
bustion  chamber).  In  addition  to  component  parts  of  complex  configur¬ 
ation  which  Introduce  difficulties  Into  the  required  calculations.  In 
the  latter  case.  It  Is  accepted  practice  to  separate  a  complex  compon¬ 
ent  part,  through  arbitrary  sectioning.  Into  a  series  of  simpler 
shapes  (cylinders,  cones,  etc.)  ajid  to  calculate  the  vol\mie  of  the 
component  part  as  the  total  volume  of  Its  Individual  parts. 

For  example,  given  the  problem  of  calculating  the  weight  of  the 
component  parts  shown  In  Pig.  6.15,  It  would  seem  at  first  glance 
that  It  Is  quite  difficult  to  calculate  the  volume  of  such  component 
parts;  however.  It  Is  enough  to  divide  the  part  arbitrarily  Into  three 
sections  I-I,  II-II,  and  III-III,  In  order  to  separate  the  component 
part  Into  five  elements  whose  volumes  can  easily  be  calculated. 

As  a  rule,  complex  component  parts  employed  In  the  assembly  of  a 
solld-propellant  rocket  missile  can  be  split  Into  such  elementary  fig¬ 
ures  as  a  cylinder,  a  truncated  cone,  as  well  as  certain  combinations 
of  these  figures  (Pig.  6.16),  l.e.,  for  the  calculation  of  the  volume 
of  any  component  part.  It  Is  enough  to  know  the  following  formula; 


where  d  Is  the  diameter  of  the  cylinder  base;  1  Is  the  length  of  the 
cylinder  generatrix. 
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where  R  and  r  are  radii  of  the  greater  and  smaller  bases  of  the  trun¬ 
cated  cone;  h  Is  the  height  of  the  truncated  cone. 


Pig.  6.15.  For  the  calculation  of 
the  weight  of  the  "connection 
plate"  component  part:  a)  sketch 
of  component  parts;  b)  calculation 
diagram  I-I,  II- II,  and  III-III) 
cross-sectional  planes;  D  and 
d^)  dleuneters;  6^)  linear  dimen¬ 
sions  of  the  figure. 

In  fact,  the  volume  of  the  connection  plate  (for  generality,  we 
will  assume  It  to  be  some  k-th component  part  of  the  assembly)  Is  de¬ 
fined  as  the  sum 


(1,  2,  3,  4,  5  are  the  numbers  of  the  elementary  figures), 
where 
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0) 


are  shown  In  the 


M 

The  dimensions  D,  dg,  ..,  6,  6^^,  ^2*"' 
drawing  of  the  component  part. 

After  the  determination  of  the  volume  of  k-th  component  part, 
the  weight  p^^  of  this  component  part  Is  deflried-as 

pk^Vkl.  (6.5) 

Y  SB  7*8  g/cm^  for  steel  component  parts;  y  «  ^6  g/cm3  for  the  arming 
of  the  warhead  (when  armed  with  explosive  material),  as  well  as  for 
Individual  elements  of  the  solid -propellant  charge  for  the  engine. 


Pig.  6.l6.  Characterlsltc  elementary 
figures  encountered  In  the  calcula¬ 
tion  of  the  volvime  for  various  com¬ 
ponents  . 

Knowing  the  weight  of  the  Individual  component  parts,  we  can  find 
the  total  weight  of  the  missile  by  determining  the  sum 

(6.6) 

where  p^^  Is  the  weight  of  the  fuse;  Pg  Is  the  weight  of  the  auxiliary 
detonator; 
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Is  the  weight  of  the  hermetic -sealing  end  cap  of  the  nozzle. 

It  has  been  demonstrated  that  It  Is  Important  from  the  standpoint 
of  exterior  ballistics  to  know  not  only  the  magnitude  of  the  active 
forces,  but  the  point  of  their  application  as  well.  It  Is  for  this 
reason  that  the  next  problem  Is  one  which  Involves  the  determination 
of  the  coordinates  of  the  center  of  missile  gravity. 

We  will  refer  to  the  product  of  the  mass  and  Its  distance  from 
the  plane  as  the  static  moment  of  the  mass  m  concentrated  at  point  A 
relative  to  some  arbitrary  plane  N.  With  respect  to  the  static  moments 
of  some  material  system  of  points  the  following  theorem  Is  valid;  If 
the  entire  mass  of  the  material  system  were  concentrated  at  Its  cen¬ 
ter  of  gravity,  the  static  moment  of  this  mass  with  respect  to  some 
plane  Is  equal  to  the  sum  of  the  static  moments  with  respect  to  this 
same  plane  for  the  mass  of  all  points  In  the  system. 

If  we  apply  this  theorem  to  the  coordinate  planes,  we  will  obtain 
a  system  of  equations  which  determine  the  coordinates  of  the  system'^s 
center  of  gravity. 


whence 


muc. 


m 


(6.7) 


(6.8) 
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where  and  ^  are  the  coordinates  of  the  system's 

center  of  gravity; 

« 

Is  the  total  mass  of  all  the  points  In  the  system;  m^^,  x^^,  y^,  and  z^ 
are,  respectively,  the  mass  and  the  coordinates  of  each  material  point 
In  the  system. 

In  calculating  the  coordinates  of  the  center  of  gravity.  It  Is 
useful  to  employ  the  following  properties  of  the  center  of  gravity: 

1)  If  the  system  has  a  center  of  symmetry,  the  center  of  gravity 
coincides  with  the  center  of  symmetry; 

2)  If  the  system  has  a  plane  of  symmetry,  the  center  of  gravity 
lies  In  this  plane; 

3)  for  a  system  having  an  axis  of  symmetry,  the  center  of  gravity 
lies  on  this  axis  of  symmetry 

Since  the  longitudinal  axis  Is,  as  a  rule,  the  axis  of  symmetry 
for  a  solld-propellant  rocket  missile,  the  center  of  missile  gravity 
must  be  sought  on  this  axis.  Having  selected  the  coordinate  system 
so  that  one  of  Its  axes  coincides  with  the  longitudinal  axis  of  the 
missile,  we  will  find  that  In  order  to  find  the  center  of  missile  gra¬ 
vity  It  Is  enough  to  determine  only  a  single  coordinate: 


M 


or  In  terms  of  the  weight  of  the  component  parts: 


where  Is  the  weight  of  the  1-th  component  part;  Is  the  coordin¬ 
ate  of  the  center  of  gravity  of  the  1-th  component  part; 

Is  the  weight  of  the  missile. 

We  can  see  from  the  last  formula  that  In  order  to  determine  the 
position  of  the  center  of  missile  gravity  It  Is  absolutely  necessary 
to  know  not  only  the  weight  of  the  Individual  component  parts  but  the 
positions  of  their  centers  of  gravity. 

The  calculation  of  the  center  of  missile  gravity  In  terms  of 
weight  and  the  coordinates  of  the  centers  of  gravity  of  Individual 
component  parts  employed  In  the  missile  Is  possible  on  the  basis  of 
the  so-called  distribution  properties  of  the  centers  of  gravity. 

This  property  Indicates  that  If  a  system  of  material  points  hav¬ 
ing  a  total  mass  m^.  Is  separated  Into  parts  having  masses  m',  m",..., 
the  center  of  gravity  of  the  Initial  system  remains  the  center  of  gra¬ 
vity  of  the  total  aggregate  of  m',  m”,....  In  which  case 

•  •  •• 

where  ^  and  ^  are  the  coordinates  of  the  centers  of  gravity 

for  the  Individual  parts  of  the  system. 

Since  the  weight  of  an  Individual  component  part  Is  generally 
calculated  In  terms  of  the  weights  of  the  elementary  figures  making 
up  this  component  part,  the  coordinate  of  the  center  of  gravity  for 
the  component  part  Is  calculated  through  the  application  of  the  theor¬ 
em  on  the  static  moments,  said  theorem  applied  to  the  elementary  fig¬ 
ures  (Fig.  6.17)*  In  this  case,  the  coordinate  of  the  center  of  gra- 
ityyfor  each  elementary  figure  Is  calculated  on  the  basis  of  a  draw¬ 
ing  of  the  component  part,  taking  Into  consideration  the  fact  that 
the  position  of  the  center  of  gravity  for  each  Individual  element  Is 


known  (Fig.  6.18). 


IBt 


X,  — H 


Having  determined  the  weight  of  the  Individ¬ 
ual  component  parts  and  the  positions  of  their 
centers  of  gravity  for  each  Individual  unit  In 
the  assembly  of  a  combat  rocket,  the  position  of 
the  unit's  center  of  gravity  Is  calculated.  How¬ 
ever,  If  we  know  the  coordinates  of  the  centers 
of  gravity  for  Individual  units  In  the  assembly. 


Pig.  6.17.  Deter¬ 
mination  of  posi¬ 
tion  of  center  of 
gravity  for  a  com^ 
plex  figure.  1-5) 
elements  of  fig¬ 
ure;  Xj^)  coordin¬ 
ate  of  the  center 
of  gravity  of  the 
1-th  component  of 
the  figure. 


It  Is  not  difficult  to  calculate  the  coordinate 
of  the  center  of  gravity  for  the  entire  missile. 

The  diagram  for  the  calculation  of  the  cen¬ 
ter  of  gravity  for  a  solld-propellant  rocket  mis¬ 
sile  and  Its  Individual  units  (warhead)  Is  pre¬ 
sented  In  Fig.  6.19. 

The  final  calculation  formula  for  the  deter¬ 


mination  of  the  coordinates  of  the  center  of  missile  gravity  takes  the 


Pig.  6.18.  Coordinates 
of  centers  of  gravity 
for  elementary  figures 
a)  cylinder  b)  trunca¬ 
ted  cone 


following  form; 


In  which  case,  for  example,  for  the  warhead 

ya..-  P\*i  +JVCt+P»Kt  +P4X4 

where  p^  Is  the  weight  of  the  fuse;  Pg  Is  the 
weight  of  the  auxiliary  detonator;  p^  Is  the 
weight  of  the  warhead  casing;  p^^  Is  the  weight 
of  the  explosive  charge. 

^1  +  A  +P»  +^4. 

We  should  turn  our  attention  to  the  fact 
that  when  the  theorem  on  the  static  moments 


Is  employed,  we  must  have  the  coordinates  of  the  Centers  of  gravity 
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Pig.  6. 19.  Utllilzatlon  of  theorem  on  stat¬ 
istical  moments  for  the  calculation  of  the 
position  of  the  center  of  gravity  for  a 
solld-propellant  rocket  missile 

Pr  Qjj)  are  the  weights  of  the  warhead  and 

rocket  parts  of  the  missile; 

are  the  coordinates  of  the  centers  of  grav¬ 
ity  for  the  rocket  and  warhead  parts  of 
the  missile 

for  the  Individual  elements  with  respect  to  some  common,  although 
arbitrarily  selected,  coordinate  origin.  However,  preliminary  cal¬ 
culations  yield  the  coordinate  for  the  center  of  gravity  for  each  In 
dividual  element  with  respect  to  one  of  the  characteristic  points  or 
boundaries  of  this  element.  Therefore,  before  employing  the  theorem. 
It  Is  necessary  to  recalculate  the  coordinates  of  the  Individual  ele 
ments  In  the  given  assembly  to  correspond  with  the  drawing  and  the 
selected  system  of  coordinates. 
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Aerodynamic  Forces  and  Moments.  Calculation  of  Aerodynamic  Forces 
and  Moments  and  the  Determination  of  the  Position  of  the  Center  of 
Pressure 

Aerodynamic  forces  are  produced  as  a  result  of  the  interaction 
between  the  missile  and  the  approaching  stream  of  air.  This  Interac¬ 
tion  can  be  reduced  to  the  appearance  at  the  surface  of  the  missile 
of  a  continuously  distributed  normal  pressure  and  tangential  stresses 
(Fig.  6.20)  and,  in  addition,  to  the  development  of  a  zone  of  reduced 
pressure  (Pig.  6.21)  In  the  region  of  the  nozzle  outlet  (primarily 
when  the  missile  engine  is  not  In  operation;  In  the  case  of  an  oper¬ 
ating  rocket  engine,  the  stream  of  the  products  of  combustion  elimin¬ 
ates  this  zone  of  reduced  pressure  behind  the  nozzle  outlet). 


Pig.  6.20.  Diagram  of  force  compon¬ 
ents  in  Interaction  of  missile  with 
approaching  stream,  said  forces  act¬ 
ing  on  the  elementary  area  of  the 
surface,  dl^  and  dig)  dimensions  of 

the  elementary  area;  x',  x",  and  p^) 

components  of  tangential  and  normal 
forces  acting  on  area 

The  tangential  stresses  and  the  rarefaction  which  occurs  at  the 
rear  produce  forces  which  decelerate  the  motion  of  the  rocket.  These 

are,  respectively,  referred  to  as  the  force 


of  frictional  resistance  and  the  force  of 


tall  drag.  The  resultant  of  the  normal 

Pig.  6.21.  Development  pressure  distributed  over  the  frame  of  the 

of  zone  of  reduced  pres. 

sure  behind  nozzle  out-  rocket  Is  oriented  with  respect  to  the 
let  of  rocket  flying 

with  Inoperative  engine  missile  and  the  approaching  stream  rather 
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arbitrarily;  however,  having  associated  the  resultant  with  the  flow 
system  of  coordinates.  It  Is  possible  to  derive  a  component  of  resls- 
tance  that  Is  directed  against  the  direction  of  motion  velocity  as 
well  as  a  component  that  Is  normal  to  It.  The  first  Is  referred  to  as 
the  force  of  resistance  (drag)  due  to  normal  pressure,  and  the  second 
Is  referred  to  as  lift. 

Thus  the  total  force  produced  by  the  aerodynamic  Interaction  be¬ 
tween  the  missile  and  the  approaching  stream  of  air  can  be  presented 
In  the  form  of  two  components;  the  force  X  of  frontal  resistance 
(drag)  and  lift  Y.  In  this  case,  X  appears  as  a  result  of  friction, 
tall  drag,  and  the  components  of  normal  pressure,  directed  along  the 
Ox^  axis  of  the  flow  coordinate  system 

(6.10) 

and  the  Y  force  appears  as  a  result  of  the  normal -pressure  components 
directed  along  the  Oy^  axis  of  the  flow  system. 

Strictly  speaking,  the  notation 

jr-X/-f-Xj,+Xp. 

Is  valid  only  when  the  effect  of  the  forces  of  friction,  tall  drag, 
and  pressure  are  Independent,  whereas  In  actual  fact  these  components 
are  Interdependent. 

However,  since  the  hypothesis  of  the  Independence  of  the  resis¬ 
tance-force  components  Is  quite  convenient  In  engineering  practice 
and  since  Its  utilization  does  not  result  In  any  substanclal  calcula¬ 
tion  errors.  It  Is  the  accepted  practice  to  use  the  above  equation  and 
to  calculate  the  total  aerodynamic  force  of  resistance  In  terms  of  the 
Individual  components  of  this  force. 

The  phenomenon  of  the  flow  of  air  past  a  body  and  the  effect  of 
the  Interaction  of  forces  observed  In  this  case,  are  extremely  com¬ 
plex. 
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The  nature  of  the  above-mentioned  Interaction  Is  determined  by 
a  great  number  of  various  factors  which  are  difficult  and  sometimes 
even  Impossible  to  take  Into  account.  It  Is  for  this  reason  that  the 
forces  and  moments  acting  on  the  missile  In-flight  are  determined  most 
exactly  by  experimental  procedures.  The  experiments  are  carried  out  In 
special  Installations  -  wind  tunnels  -  where  the  missile,  held  fast  by 
special  means.  Is  set  Into  an  air  stream;  the  necessary  measurements 
are  carried  out  at  thl#  time,  and  when  evaluated  these  measurements 
make  It  possible  to. calculate  the  components  of  the  aerodynamic  forces 
and  moments. 

It  has  been  established  that  the  basic  parameters  which  determine 
the  absolute  magnitude  of  the  aerodynamic  forces  are  the  following; 
the  velocity  v  of  the  approaching  stream; 
the  density  p  of  the  gas  In  the  approaching  stream; 
the  geometrical  dimensions  of  the  body  from  which  the  character¬ 
istic  dimension  Is  generally  taken,  l.e.,  the  area  s^^^  of  the  midship 
cross  section  of  the  missile, 

and  therefore  the  relationship  between  the  forces  due  to  the 
above -enumerated  parameters  Is  presented  In  explicit  form  In  the  gener¬ 
ally  accepted  standard  form  of  notation  for  the  aerodynamic  forces, 
whereas  the  rest  Is  included  In  the  so-called  coefficient  of  force. 

The  standard  form  of  the  notation  Is  the  following: 


r^Crs,tf. 


In  which  case,  since 

and 


(6.11) 
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+  +  (6.10') 

Here  C  Is  the  coefficient  of  frontal  dragj  C  Is  the  coefficient 

^  Jr 

of  llftj  *^xp  coefficients  of  the  components  of 

total  aerodynamic  resistance. 

The  standard-form  notation  for  aerodynamic  forces  Is  quite  con¬ 
venient.  The  fact  that  the  relationship  between  the  forces  due  to 

missile  dimensions  Is  accounted  for  by  the  factor  s_  and  Is  not  con- 

m 

talned  In  C  (or  C  ),  makes  It  possible  to  model  the  phenomenon  and 
X  y 

to  extend  the  results  of  the  experiment  to  full-scale  parts.  For  ex¬ 
ample,  let  a  small-scale  model  of  a  missile  be  tested  In  a  wind  tun¬ 
nel  and  let  the  force  acting  on  the  model  during  the  wind-tunnel 

test  be  measured.  In  accordance  with  (6.11) 


C, 


t 


where  Is  the  measured  force;  Is  the  area  of  the  midsection; 

p  and  V  are  the  parameters  of  the  flow;  coefficient  of 

model  resistance,  l.e.,  of  the  body  of  a  certain  configuration  corres¬ 
ponding  to  the  stream  parameters  p  and  v.  After  the  experiment  It  Is 
easy  to  calculate 


If  we  now  turn  to  the  full-scale  object  whose  model  was  tested  In 
the  wind  tunnel,  and  If  we  bear  In  mind  the  total  geometric  similari¬ 
ty  between  the  model  and  nature  (l.e.,  the  full-scale  object)  It  Is 
natural  to  assiune  that  for  the  same  stream  parameters  -  p  and  v  -  the 
force  of  aerodynsunlc  resistance  X^g^^.  of  the  "natural”  object  will  be 


(since  Is  not  a  function  of  the  dimensions  of  the  body). 
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Thus  by  Introducing  the  concept  of  the  coefficient  of  aerodynamic 
force  it  becomes  possible  to  simplify  substantially  the  aerodynamic 
experiment,  using  data  obtained  In  wind-tunnel  tests  of  models  for  the 
determination  of  forces  and  moments  acting  on  the  "natural"  missile 
under  actual  flight  conditions. 

The  wind-tunnel  testing  of  a  missile  Is  a  complex  experiment  and 
is  carried  out  only  In  the  concluding  stage  of  work  on  the  missile. 
Tentative  values  for  the  aerodynamic  forces  and  moments,  calculated 
theoretically,  are  employed  In  the  preliminary  calculations  (designs). 
The  methods  of  approximate  aerodynamic  calculation,  worked  out  to  the 
present  time,  yield  results  that  are  In  rather  good  agreement  with 
the  subsequent  wlnd-tvinnel  tests,  and  the  utilization  of  these  calcu¬ 
lations  In  the  earlier  stages  of  missile  design  Is  widespread  practice. 

Method  of  Calculating  Aerodynamic  Forces  with  the  Utilization  of  a 
Simplified  Model  of  the  li*low  of  Air  Past  a  Missile 

The  approximate  methods  of  aerodynamic  calculation  are  based  on 
the  conclusions  reached  In  the  so-called  linearized  theory  of  stream¬ 
lining  and  the  assumption  as  to  the  validity  of  the  principle  stating 
that  the  influences  of  the  aerodynamic  forces  are  Independent  for  In¬ 
dividual  missile  parts.  With  this  assxxmptlon  for  a  finned  rocket  mis¬ 
sile,  we  will  have 

r— )  (6.12') 

or  In  terms  of  the  force  coefficients; 


'“■) 


(6.12") 


Below,  the  basic  calculation  relationships  for  the  detexnlnatlon 
Of  the  coefflclehte  Oy  y.,  Oy  0^  and  0^  for  various  flight 
conditions  are  presented  without  conclusion. 
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Calculation  of  the  Lift  Coefficient 


Since  the  nature  of  streamlining  and  the  mechanism  responsible  for 
the  appearance  of  the  components  of  the  aerodynamic  forces  Is  a  func¬ 
tion  of  whether  or  not  the  flight  velocity  Is  subsonic  (M  <  l)  or  sup¬ 
ersonic  (M  >  1),  It  becomes  necessary  to  examine  these  two  cases  separ¬ 


ately. 


Subsonic  flight  velocities  (M  <  l) 

Finning  (empennage).  The  coefficient  of  lift 
for  the  finning  of  a  missile  Is  determined  ac¬ 


cording  to  the  following  formula; 

2.4+31*  • 


(6.13') 


Pig.  6.22.  Elements 

of  fins  for  rocket 

missile.  2L^„)  total 
op' 

span  of  finning; 
2^p)  span  of  Indi¬ 
vidual  fin;  Pp) 

sweepback  angle  of 
leading  edge  of 
stabilizer; 

sweepback  angle  of 
trailing  edge  of 
stabilizer  (In  Fig. 
6.22,  =  0);  y^) 

profile  thickness 
at  section  of  middle 
chord  of  stabilizer; 
— sk^  sweepback  of 

tall  surfaces. 


X^p  Is  the  elongation  of  the  finning;  a  Is  the 
angle  of  attack;  s  Is  the  area  of  the  stabll- 

^Xr 

Izer  fin;  s„  Is  the  area  of  the  missile  mldsec- 
m 

tlon. 

Pig.  6.22  shows  a  diagram  of  the  empennage 
(tall  surfaces)  of  a  rocket  missile  and  Its  ele¬ 
ments  are  denoted.  In  the  denotation  shown  In  the 
figure,  the  basic  characteristics  In  the  empen¬ 
nage  are  defined  as  follows: 


elongation  of  tall  surfaces 


area  of  stabilizer  pairs 


(6.14) 


(6.15) 


where  b  Is  the  middle  chord  of  the  stabilizer;  b,,„  Is  the  root  chord; 
sr  Kr 

bkts  tip  chord; 
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the  relative  profile  thickness  of  the  empennage  Is 

A-fs. 

•*> 

Strictly  speaking.  Formula  (6.13')  was  derived  for  velocities  at 
which  the  compressibility  of  the  air  can  be  neglected.  However,  this 
relationship  can  be  extended  to  the  entire  range  of  near-sonic  flight 
velocities  with  a  sufficient  degree  of  accuracy.  With  this,  an  addi¬ 
tional  term  by  means  of  which  we  take  Into  consideration  the  effect  of 
compressibility  Is  Introduced  Into  the  formula,  which  Is  then  written 


In  the  following  form: 


1  1 
*'•"  2.4  +  x., 


The  frame.  For  subsonic  flight  velocities 

where  a  Is  the  angle,  of  attack  for  the  missile  In  radians. 


(6.13") 


(6.16) 


The  total  coefficient  of  missile  lift.  The  total  coefficient 'for  .a 


rocket  missile  with  tail  surfaces  Is  defined  as  the  sum 


^  1  2i, 

2.4  +  Xoa  *7^— 


^+1 


Cy  =(l  I  *»>***«■  * 


(6.17) 


Supersonic  flight  velocities  (M  >  l) 

Empennage  (tall  surfaces).  To  calculate  the  coefficient  of  lift 
for  the  empennage  In  the  case  of  supersonic  flight  velocities,  we  use 
In  first  approximation  the  formula  for  lift  in  the  case  of  a  small - 
elongation  wing  that  has  a  rectangular  shape  In  the  In-plan  view; 


g— -  »HB-|  (' 


(6.18') 


for  stabilizers  with 
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or  we  use  the  approximate  relationship 

Cr..“l.35«(^,+  (6.18") 

for  stabilizers  with 

/mHIT 

The  frame.  The  lift  of  a  mlsllle  frame,  at  supersonic  flight  vel¬ 
ocities,  amounts  to 

CrK**2,4a.  (6.19) 

The  total  coefficient  of  missile  lift.  The  total  coefficient  of 
missile  lift  In  the  case  of  supersonic  flight  velocities  will: 

In  the  range  of  supersonic  velocities  to  MO+T 

C,-[|.35(x.+  .-7^)^+2.4].  (6.20') 

and  for  velocities  with 

(6.20") 

Calculation  of  Frontal -Resistance  (Drag)  Coefficient 

Subsonic  Plight  Velocities 

In  calculating  the  coefficient  of  frontal  resistance  It  Is  neces¬ 
sary  to  bear  In  mind  that  In  accordance  with  (6.10')  the  total  coeffi¬ 
cient  Is  presented  In  the  fonn  of  a  sum  of  the  components,  each  of 
which  is  employed  to  take  Into  consideration  the  effect  on  the  total 
resistance  of  one  of  the  factors  responsible  for  this  particular  res¬ 
istance.  Generally  speaking,  (6.10')  Is  satisfied  exactly  only  in  the 
case  of  o  =  0,  thus  for  the  o  0  the  coefficient  of  resistance  In¬ 
creases  markedly  as  a  result  of  the  appearance  of  the  so-called  Induc¬ 
ed  drag  and  because  the  Increase  In  the  component  C  . 

X  p 

Let  us  examine  the  physical  nature  of  this  Increase  In  drag  dur* 
Ing  flight  at  some  angle  of  attack.  The  primary  feature  of  flight  at 
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an  angle  of  attack  Is  the  disturbance  of  the  symmetry  with  which  the 

approaching  stream  of  air  flows  past  the  missile.  As  a  result  of  this 

asymmetry  In  streamlining^  downwash  takes  place  from  zones  of  elevated 
pressure  to  a  zone  of  lower  pressure.  The  losses  produced  by  this 

downwash  are  taken  Into  consideration  by  the  Induced  drag  (Fig.  6.23) 

The  second  component  -  AC  -  reflects  the  fact  that  during  flight  at 

A 

an  angle  of  attack  the  true  midsection  differs  from  the  one  according 
to  which  the  calculation  was  carried  out^  so  that  the  flow  Is  deceler¬ 
ated  over  a  greater  area  and  as  a  result  additional  forces  arise.  The 
above-mentioned  Increase  In  the  coefficient  of  drag  Is  taken  into  con¬ 
sideration  In  the  following  form: 

where  d  *^xp  drag  coefficient  for  a  =  0;  Is 

the  coefficient  of  Induced  drag;  AC^^  Is  the  coefficient  by  means  of 
which  we  take  Into  consideration  the  additional  resistance  due  to  pres¬ 
sure  as  a  result  of  the  nonsymmetrlcal  flow  past  the  missile,  for 
a  =  0. 

In  the  tentative  calculation  It  turns  out  that  It  Is  enough  to 
calculate  the  coefficient  of  frontal  resistance  without  taking  Into 
consideration  the  effect  of  the  angle  of  attack,  l.e.,  the  calculatlf n 
can  be  done  only  on  the  basis  of  the  elements  ^xf'  ^Xd* 

The  relationships  for  the  calculation  of  individual  components 
of  the  total  coefficient  of  resistance  for  various  flight  conditions 
are  presented  below.  As  In  the  case  In  which  the  coefficient  of  lift 
was  calculated,  the  validity  of  the  principle  of  Independent  action  is 
assumed  for  the  aerodynamic  forces  on  the  airframe  and  tall  surfaces 
of  the  missile. 

The  empennage.  For  the  empennage  It  Is  natural  to  maintain  that 


=  0,  so  that 


Cx^-C,,  +  Cx/+Cxi+ACx.  (6.21') 

In  practical  calculations,  the  components  of  pressure  and  fric¬ 
tion  are  combined  for  the  empennage  Into  the  so-called  profile  resis¬ 
tance;  In  this  case.  Notation  (6.21')  Is  rearranged  Into  the  follow^ 
Ing  form 


Fig.  6.23.  Appearance  of  down- 
wash  In  missile  flight  at 
some  angle  of  attack, 
a)  a  =  0;  b)  a  ^  0. 


+C,,+aC,  (6.  21 ") 

or  for  the  negligibly  small  angles 
of  attack 

If  we  take  Into  consideration  that 
Cy  represents  the  resistance  of  a 

Jv  pr* 

single  pair  of  stabilizers,  and  a 
rocket  missile  generally  has  two 
pairs.  It  Is  more  convenient  to  write 
(6.21")  In  the  following  form: 

Cx«i»2C,^+C„+ACx.  (6.21") 

and  correspondingly  for  a  »  0 


For  the  calculation  of  pr[slcl  expression 

Cx.,-(0.005+-;?j^+-!^)^.  (6.22) 


where  A  Is  the  relative  thickness  of  the  profile  In  the  section  of  the 
middle  chord;  <0  Is  the  relative  curvature  of  the  profile  (for  rocket- 
missile  stabilizers,  generally  o)  =  O). 

The  calculation  of  Induced  drag.  If  taken  into  consideration. 

Is  best  carried  out  In  terms  of  a  calculation  for  the  coefficient  of 
empennage  lift,  using 
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(6.23) 


As  a  result,  the  coefficient  of  resistance  for  an  empennage  with 
zero  curvature.  In  the  case  of  subsonic  velocities.  Is  derived  In  the 
following  form: 

Airframe.  The  concept  of  profile  resistance  Is  conveniently  In¬ 
troduced  for  the  calculation  of  when 

Cjf  o  —  +  ^Xt  +  ^Xl  + 

or,  neglecting  the  Influence  of  the  angle  of  attack, 

Cx«“^x«p+  Px** 

In  the  case  of  subsonic  flight  velocities,  a  substantial  portion 
of  the  profile  resistance  Is  made  up  of  frictional  resistance;  there¬ 
fore,  In  rough  calculations  we  can  hold  that 

Cxnp  "'^X/* 

More  exact  results  are  obtained  when  the  following  calculation 
relationship  Is  employed; 

(6.25) 

where  Is  the  coefficient  of  frictional  resistance;  A^  Is  the  coef¬ 
ficient  by  means  of  which  we  take  Into  consideration  the  Influence  on 
Cx  pp  exerted  by  the  component  due  to  the  distribution  of  pressure. 

For  the  calculation  of  Cx^.  we  use 

C;«=0.0316  Re- •»«- ,  (6.26) 

where  Re  Is  the  Reynolds  number  of  the  approaching  stream;  Is  the 

lateral  surface  of  the  missile  airframe;  Sj^^  Is  the  area  of  the  midsec¬ 
tion,  and  the  correction  factor  A^  Is  determined  on  the  basis  of  the 
following  empirical  formula 

i1,-1.865-0.175X,VT^:iF+0.0lXj(l-M*),  (6.27) 


-  315  - 


where  stands  for  the  elongation  of  the  rocket  airframe: 


X  =— • 
X,*  ^  . 


Is  the  length  of  the  airframe j  d  Is  the  caliber  of  the  missile. 
The  airframe -resistance  component,  due  to  rarefaction,  can  be 
determined  In  accordance  to  the  following  formula: 


Cx.-(0,05  +  0,25M*)ia, 


(6.28) 


where  s.  Is  the  area  of  rear  outlet  of  the  missile;  s_  Is  the  mldsec- 
dn  m 

tlon  area. 

Thus,  If  we  neglect  the  Influence  on  resistance  of  the  angle  of 
attact,  the  total  coefficient  of  aerodynamic  resistance  for  the  air¬ 
frame  of  a  rocket  missile  will  be 


or  If  we.  take  Into  consideration  (6.26) 


JSsS— |-(0.05+0.25M*) 


(6.29) 


The  total  coefficient  of  missile  resistance  (drag).  Thus,  at  sub¬ 


sonic  velocities. 


+  -^+(0.05+0.25M«)  ^ 


(6.30) 


or  after  substituting  the  value  of  C 


y  op 


— +(0.05  +  0.25M»)i*-. 

*«  I  .  >m 


For  the  active  phase  of  the  flight,  when  0^^  ^  =  0, 


(6.30*') 
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«’“h> (drc)’!^ + 

,  0,0315 

Ki-t'0,2M«  *,  * 

The  calculation  data  Indicate  that  In  the  case  of  large  missiles 
and  rockets,  approximately  95^  of  the  total  resistance  can  be  attribu¬ 
ted  to  the  airframe. 

The  effect  of  the  angle  of  attack  on  drag  Is  a  function  of  flight 
velocity  and  the  magnitude  of  the  angle.  As  an  example  we  can  cite  the 
following  data.  For  the  M13  missile,  during  test  launchings,  with  a 
flight  velocity  of  ~275  m/sec  (M  =  0.8)  the  component  due  to  the  an¬ 
gle  of  attack  did  not  exceed.  In  the  over-all  balance,  a  resistance 
of  8^  at  a=  0.1  (~6°),  and  27^  at  a  =  0.2  (~12°)  and  with  a  reduction 

In  flight  velocity  the  relative  value  of  the  component  due  to  the  an¬ 
gle  of  attack  diminished. 

Supersonic  flight  velocities. 

In  the  case  of  a  flight  at  supersonic  velocities,  the  nature  of 
resistance  changes  somewhat.  While  in  the  case  of  subsonic  flight  vel¬ 
ocities  the  resistance  occurs  primarily  as  a  result  of  the  frictional 
forces,  at  velocities  corresponding  to  M  >  1  the  basic  role  Is  played 
by  resistance  due  to  pressure  distribution  over  the  surface  of  the 
missile  and  In  the  stream  about  the  missile.  The  very  nature  of  this 
pressure  distribution  differs  radically  from  the  case  of  subsonic  vel¬ 
ocities;  a  system  of  so-called  compression  waves  form  about  the  mis¬ 
sile;  this  system  of  compression  waves  Involves  shock  waves  of  various 
Intensities.  The  existence  of  shock  waves  In  the  stream  Is  a  charac¬ 
teristic  feature  of  flight  at  velocities  In  excess  of  the  speed  of 
sound.  This  feature  determines  entirely  the  nature  of  the  forces  that 
are  active  at  such  flight  velocities.  The  streamline  pattern  for  the 
missile  In  the  case  of  supersonic  flow  Is  presented  In  Fig.  6.24. 

The  coefficient  of  missile  resistance  In  tl^e  case  of  supersonic 
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Fig.  6.24.  System  of  compression 
waves  formed  during  missile  flight 
at  supersonic  velocity,  l)  Tail 
shock  wave;  2)  local  compression 
waves;  3)  forward  shock  wave 

flight  velocities  Is  presented  In  the  form  of  the  sum  of  the  follow¬ 
ing  components; 

Cjf  =  C;f,+Cjfj,  +  — ^jro  +  ^xi + 

where  is  the  coefficient  of  resistance  due  to  the  forces  of  normal 

pressure,  said  coefficient  In  the  case  of  supersonic  velocities,  refer¬ 
red  to  as  the  coefficient  of  wave  resistance.  The  remaining  denotations 
are  the  same  as  In  (6.21). 

The  coefficient  of  the  missile  for  supersonic  flight  velocities 
Is  determined,  as  before,  on  the  basis  of  missile  elements. 

Tail  surface.  The  coefficient  of  wave  resistance  for  the  tall  sur¬ 
faces  Is  calculated  In  accordance  with  the  following  formula; 

C,.-  (6-31) 

where  y  =  y(x)  Is  the  equation  for  the  contour  of  the  tail-surface 
profile . 

For  a  profile  formed  by  parabolic  arcs  (Fig.  6.25), 

^  If  •*. 
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where  A  is  the  relative  thickness  of  the  profile,  so  that  for  such  a 
profile 


C 


«ii 


l.e.,  the  total  wave  resistance  of  the  tail  surfaces,  taking  Into  con- 


Plg.  6.25.  Profile  ele¬ 
ments  formed  bv  para¬ 
bolic  arcs.  Xjjj)  Cross- 

sectional  coordinates 

with  maximum  profile 

thickness  (y„) 

'  m 


slderatlon  that  the  missile  has  two  paii’s 
of  stabilizers,  will  be 


The  rear  resistance  for  a  symmetric 
profile  Is  equal  to  zero,  whereas  In  the 
case  of  stabilizers  having  a  truncated 
rear  edge,  this  resistance  Is  negligibly 
small.  In  view  of  this.  It  Is  maintained 


that  In  the  case  of  tall  surfaces  =  0. 


The  quantity  for  supersonic  velocities  Is  determined  in  ac¬ 


cordance  with  following  formula: 

Cjf,-  0.0316  Re"  (6.33) 

where  the  Re  number  for  the  tall  surfaces  Is 


Fig.  6.26.  Geometric 
elements  of  a  rhomboid 
profile 


as  follows: 


Re 


V 


« 


where  a  Is  the  speed  of  sound  propagation  In  air  (a  »  3^0  m/sec); 
v  Is  the  flight  velocity;  v  Is  the  coefficient  of  kinematic  air  vis¬ 
cosity,  whose  value  for  the  conditions  of  flight  close  to  the  earth 
can  be  assvimed  to  be  v  =  1.45*10  ^  ra  /sec. 

The  components  of  the  resistance  which  appear  as  a  result  of  the 
angle  of  attack  are  most  expediently  evaluated  In  complex  form.^  For 
this,  we  can  employ  the  following  formula: 
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2 


2im 


(6.34) 


In  conclusion,  the  total  resistance  of  the  tall  surfaces  In  the 
case  of  supersonic  flight  velocities  amounts  to 


(6.35) 


/ _ 

T  /Mi-f  y  2  yj  *,  * 

This  formula  was  derived  In  the  assumption  that  the  cross-section 
of  the  stabilizer  Is  a  symmetric  contour  formed  by  parabolic  arcs.  In 
the  general  case,  the  formula  Is  written  as  before,  with  the  exception 
of  the  first  term  which  must  be  determined  In  accordance  with  Formula 
(6.31). 

In  the  practice  of  empennage  design.  In  addition  to  the  profile 
formed  by  parabolic  arcs,  widespread  use  Is  made  of  symmetric  rhom¬ 
boid  profiles  (Fig.  6.26).  For  such  a  profile 

0 

or  In  the  case  of  a  symmetric  rhomboid  profile  (b^  =  (b/2),  =^2^ 

The  airframe.  In  calculating  the  coefficient  of  airframe  resls- 
ance,  we  generally  take  Into  consideration  only  the  components  of  wave 
resistance,  frictional  resistance,  and  rear  drag;  the  effect  of  the 
components  due  to  the  presence  of  an  angle  of  attack 
magnitude  of  this  coefficient  can  be  neglected. 

The  ccmiponent  due  to  wave  resistance  can  be  estimated  In  accor¬ 
dance  with  the  following  formula: 


1 


-)1 
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C,.-0,41%-0,667  (0,327?.+ !^)(l  -+),  (6.3S) 


(6.36) 


where  Pq  Is  the  so-called  pressure  coefficient  on  the  cone  at  the  tip 
of  the  missile  (the  conic  angle  Is  equal  to  the  corresponding  angle 
Indicated  on  the  drawing).  The  quantity  Pq  can  be  determined  In  ac¬ 
cordance  to  the  following  empirical  formula; 


/»o=(o.083  (6.37) 

Pq  Is  the  cone  angle  at  the  tip  of  the  missile j*  Vq  is  the  pressure - 
recovery  factor;  this  factor  Is  the  ratio  between  the  deceleration 
pressure  of  the  stream  after  and  prior  to  the  pressure  Jump  which 
appears  In  the  case  of  a  missile  flying  at  supersonic  velocities: 

9 

vo=~“/(MW. 


Detailed  tables  for  =  f(M,  Pq)  can  be  found  in  the  above-men¬ 
tioned  work  by  M.P.  Krasnov. 


<l«)i 


0 


1 

• 

QC  mQ 

_ 

In  approximate  terms,  the  magnitude  of 
Cx  ^  can  be  estimated  In  accordance  with  the 
following  formula; 


Pig.  6.27.  Effect  of 
angle  of  attack  on 
magnitude  of  ,  of 

the  missile  airframe 
In  the  case  of  vari¬ 
ous  M(ach)  numbers 


2  I 

TIT* 


(6.38) 


where  =  (Xjjj/djj^)  Is  the  elongation  of  the 
missile;  x^^^  Is  the  coordinate  of  the  section 
In  which  the  missile  diameter  attains  Its  max¬ 


imum  value  of  d„. 

m 

Calculations  show  that  with  low  flight  velocities  corresponding  to 
M  =  3-^f  the  changes  In  the  magnitude  of  Cx  ^  as  a  result  of  the  ap¬ 
pearance  of  an  angle  of  attack  need  not  be  taken  Into  consideration. 

At  greater  velocities,  the  Increment  ACx  becomes  substantial  even  In 
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A 


( 


^SM 


the  case  of  a  and  It  must  be  taken  into  con¬ 
sideration  (Pig.  6.27). 

The  coefficient  of  rear  resistance  Is 
calculated  In  accordance  with  the  following 
formulas : 


Pig.  6.28.  Nature  of  1  4a  o  T79 

change  In  coefficient  niUnbers  M<6(6.39') 

Cx  ^  for  the  airframe  mm  ^ 

of  the  missile  with  and 

=1.0  for  var- 

dn  m  •  ■  f  Q2* 

lous  M(ach)  numbers  numbers:  M>8.  (6.39") 

M*  *1, 

The  nature  of  the  change  In  Cx  with  respect  to  M(ach)  numbers 
Is  shown  In  Pig.  6.28. 

The  coefficient  Cx  ^  Is  defined  as 


C;f/=0,0315  ?SS«  .  (6.40) 

In  calculating  Cx^  It  should  be  borne  In  mind  that  the  Re  number 
Is  a  function  of  the  altitude  of  missile  flight,  since  the  density  of 
the  air  and  the  speed  of  sound  propagation  In  the  air  changes  with  al¬ 
titude.  Comparative  values  of  the  coefficient  Cxf  for  two  various  al¬ 
titudes  are  shown  In  Pig.  6.29. 

In  conclusion,  the  total  coefficient  of  frontal  drag  for  the  air¬ 
frame  Is  determined  by  the  sum 

+ 0,0315  is* 

•m 

for  a  flight  at  velocities  corresponding  to  M  <  6, 

7+^  fe+0.03I5Re-^'«!!a 

for  M  >  8,  where  In  the  case  of  need  for  more  exact 
coefficient  of  wave  resistance  must  be  presented  In 


(6.41*) 

or 

(6.41") 

calculations,  the 
the  following  form 
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C,  ,=0.415^0-0.667  (o.327^o+ 


♦ 

4. 


r 


Pig.  6.29.  of  the 

missile  airframe  as  a 
function  of  altitude 
for  varous  M(ach)  num¬ 
bers 


Instead  of 


r  _  2  > 


The  total  coefficient  of  missile  resls 
tance.  The  coefficient  of  the  frontal  drag 
of  a  finned  missile,  In  the  case  of  super¬ 


sonic  velocities.  Is  found  as  the  sum  of  the  resistance  components  due 


to  the  tail  surfaces  of  the  missile  and  the  missile  airframe. 


Pig.  6.30.  Nature  of 
function  Cy  =  Cy(a) 

of  solid -propellant 
rocket  missile  for 
small  angles  of  at¬ 
tack 


Por  a  more  extensive  range  of  velocities 
not  exceeding  M  =  6,  the  calculation  formula 
will  be: 


~+l 

[1,43 

0,772 

3 

.  ^ 

~  M» 

(1 -0,0  ]?«!■+ 

+  0,03l5Re-»-'«  ^  4- f  — +  0. 1 26Re-<>>'«  + 
13  Y  1 


(6.42) 


1 


2  Xoo/M»- 


t)]^ 


Por  the  active  flight  phase,  the  calcu 
latlon  formula  can  be  simplified  somewhat: 


■;t+  0.031 5Re-«-'« 


3 


+ 


32A2 


3  /  MS  —  1 


+0,126Re-“-'«  + 


/m 


M2-1  \ 


-  ^on  y 


w^] 


(for  the  case  In  which  the  missile  has  a  tall  surface  whose  section  Is 
formed  (profiled)  by  parabolic  arcs). 

Thus  Formulas  (6. 16)  and  (6.19)  make  it  possible  to  calculate  the 
coefficient  of  missile  lift  In  the  case  of  sub-  and  super-sonic  velo¬ 
cities,  and  Formulas  (6.3O)  and  (6.42)  make  It  possible  to  calculate 

I 
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the  coefficient  of  frontal  drag.  We  can  see  from  the  sormulas  that 
for  a  missile  of  some  definite  design,  the  coefficients  are  completely 
determined  by  the  flight  Mach  number  and  the.  angle  of  missile  attack. 

Figs.  6.30  and  6.3I  show  tentative 
relationships  =  Cy^{a)  and  Cy  =  Cy(a),  con¬ 
structed  for  the  case  of  M  =  const.  A  compar¬ 
ison  of  these  curves  leads  one  easily  to  the 
conclusion  that  given  small  angles  of  attack 
(below  3-5°)  >  Cy,  where  for  a  close 

to  zero  Cy  -►  0,  whereas  as  Cj^  even  with  a 
zero  angle  of  attack  has  a  certain  definite 
value.  Since  the  possible  angles  of  attack 
as  a  rule,  are  limited,  we  frequently  examine 
only  the  coefficient  C^^  of  the  missile.  The 

nature  of  the  change  In  this  missile  with  respect  to  the  Mach  numbers 

* 

and  the  angles  a  Is  an  Important  characteristic  of  the  missile  being 
designed.  The  tentative  form  of  the  family  of  corresponding  curves  Is 
presented  In  Fig.  6.32. 

For  exterior-ballistic  calculations  It  Is  Important  to  know  not 
only  the  magnitude  of  the  active  aerodynamic  forces,  but  the  position 


Fig.  6.31*  Nature  of 
change  In  Cj^  =  Cj^  (a) 

of  solid -propellant 
rocket  missile  for 
small  angles  of  at¬ 
tack 


Pig.  6.32.  Summary  curves  C^j.  =  Cj^(M)  of  the 

finned  solid-propellant  rocket  missile  for 
various  angles  of  attack  o  (for  the  case  of 
flight  during  the  passive  phase) 
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of  the  point  of  application  of  the  resultant  of  these  forces,  called 
the  center  of  missile  pressure,  since  as  will  be  shown  below,  the 
mutual  position  of  the  center  of  pressure  and  the  center  of  missile 
gravity  determines  the  degree  of  missile  stability  on  Its  trajectory. 

It  Is  general  practice  to  regard  the  center  of  pressure  as  being  slt- 
utated  on  the  axis  of  the  missile  at  a  distance  of  x.„  ^  from  Its  nose, 
and  It  Is  for  this  reason  that  the  calculation  of  the  center-of -pres¬ 
sure  coordinates  can  be  reduced  to  the  determination  of  the  coordinate 

^es.d. 

In  aerodynamics,  we  generally  use  the  dimensionless  coordinate 


where  Xj^  Is  the  total  length  of  the  body  being  considered. 

This  coordinate  Is  referred  to  as  the  coefficient  of  the  center 
of  missile  pressure  and  Is  denoted  as  follows : 

(6.43) 

It  can  be  demonstrated  that  at  supersonic  velocities  for  a  solid 
of  revolution,  consisting  of  an  ogive  curve  and  a  cylindrical  part, 
(for  the  airframe  of  the  missile), 

0,733+ o.e67.»,(^-i)  (6.44) 

Jr.Il.S7+l,384*>.(jrr-l)l' 

\  where  a  Is  the  angle  of  attack;  =  (^/^)  the  elongation  of  the 

—  forward  part  of  the  missile;  =  (x^^/d)  Is  the  elongation  of  the  en- 

_  tire  airframe;  icj^  =  (Xj^/Xjjj)  Is  the  dimensionless  airframe  length 

(’icA™)- 

The  basic  denotations  adopted  In  (6.44)  are  Illustrated  In  Pig. 

6.33. 

,  In  practical  calculations  we  can  assume  that  for  airframes  of 

rockets  having  an  elongation  of  the  order  T—IO,  the  coefficient  of  the 
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center  of  pressure  Is  equal  to  0.5* 

Since  In  the  transition  from  subsonic  flight  velocities  to  super¬ 
sonic  flight  velocities  the  rocket  stability  margin  diminishes  some¬ 
what,  ^'ts.  ^  for  M  <  1,  need  not  be  calculated,  since  the  rocket  that 
Is  stable  at  supersonic  velocities  will  obviously  be  stable  at  subsonic- 
velocities. 


1  : 

With  respect  to  the  tall  surfaces 

i 

_ L 

— r  of  the  missile.  It  Is  assumed  that  the 

_  —.1  1 

center  of  tail-pressure  lies  In  the'  mid- 

1— 

Pig.  6. 33*  Geometric  ele¬ 
ments  of  airframe  of  rock¬ 
et  missile. 

\  ~  (V*)  the  elon¬ 

gation  of  the  forward  part 
of  missile  j  =  Xj^/d  Is 

missile  airframe  elongation; 

^  =  V^n  dimension-  pressure 

less  missile  length 


6. 3^)*  This  makes  It  possible,  given  a 
certain  missile  assembly  and  tall -sur¬ 
face  geometry  (Pig.  6.35),  to  calculate 
the  coordinate  of  the  center  of  tall- 


^4-^  A  «  and  to  find  C.„  , 
ts.d.o  ts.d.o 


™  Xtri-tn — bcp, 


*•  ■■  ■  ■■  1  ' 


-  _  ■ 

Por  the  calculation  of  the  center ^simpi^essure  coordinates  for 
the  entire  missile,  we  employ  the  theorem  on  the  static  moments  for 
a  system  of  parallel  forces  applied  at  the  center  of  airframe  and 
tall -surface  pressure.  The  component  Yj^  and  Y^p  for  the  forces  of  mis¬ 
sile  lift  are  conveniently  employed  as  such  a  system.  Employing  the 
theorem  on  static  moments  and  assvimlng  that  for  small  angles  of  attack 
(o  *  0.05)#  the  vectors  of  the  forces  Yj^  and  Y^p  are  perpendicular  to 
the  axis  of  the  missile,  we  will  obtain  (Pig.  6.36). 


where  C  Is  the  force  of  missile  lift,  equal  to  the  sum  of  the  air- 
frame  suid  tail -surface  components;  x^^  ^  and  x^^  ^  ^  are,  respect¬ 
ively,  the  coordinates  of  the  center  of  pressure  for  the  airframe  and 
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the  tall  surfaces  of  the  missile;  x+.„  ^  Is  the  coordinate  of  the  cen¬ 
ts .  a 

ter  of  missile  pressure. 


From  this  equation 


Cr 


(6.45) 


l.e.,  the  coefficient  of  the  center  of  missile 


pressure  will  be 


(6.46) 


In  addition  to  the  above -discussed  method 
of  an  approximate  calculation  of  the  aerodynamic 


forces  acting  on  a  finned  rocket  missile  In 


Fig.  6.34.  Posi¬ 
tion  of  center  of 
pressure  (ts.d.o. 
-  center  of  tail- 
surface  pressure) 
for  certain  types 
of  stabilizers 


flight,  we  sometimes  employ  the  relationships 
that  come  Into  play  In  rocket  engineering  from 
the  theory  of  conventional  artillery.  These  re¬ 
lationships  make  It  possible,  as  a  rule,  to 


evaluate  more  rapidly,  although  with  a  lower  degree  of  accuracy,  the 


parameters  of  the  stress -bearing  Interaction  of  the  missile  with  the 

approaching  air  stream  and  may  be 

useful  for  preliminary  calculations. 

Method  of  estimating  the  aerodyna¬ 
mic  forces  In  terms  of  the  coeffi¬ 
cient  of  missile  shape 

It  Is  easy  to  derive  the  for¬ 
mula  for  the  calculation  of  the 
force  of  frontal  missile  resistance 
(drag)  In  terms  of  the  shape  coef- 
flclemt  from  the  standard  form  of  denotation  for  the  aerodynamic  force : 

In  this  denotation,  the  term  v^  characterizes  the  relationship  be- 


Flg.  6.35.  Calculation  diagram 
of  missile  for  determination 
of  center  of  tall -surface  pres¬ 
sure  In  system  of  coordinates 
connected  to  missile 
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tween  aerodynamic  forces  and  the  flight  velocity,  assuming  this  re¬ 
lationship  to  be  squared.  This  quadratic  function  Is  valid  only  for  a 

certain  definite  range  of  velocities. 

In  the  more  general  form,  for  any 

2 

flight  velocities.  Instead  of  v  ,  It 
is  expedient  to  Introduce  simply  some 
velocity  function  F(v).  This  function 
Is  referred  to  as  the  resistance  (drag) 
function.  The  factor  p  Is  employed  to 
take  Into  consideration  the  effect  on 
the  magnitude  of  the  aerodynamic  forces 
exerted  by  the  density  of  the  approaching  air  stream.  Since  the  density 
of  the  air  Is  a  function  of  the  altitude  of  the  given  air  layer  above 
aealevel,  the  factor  p  may,  in  the  general  case,  be  replaced  by  some 

missile  flight -altitude  function  H(y).  Final¬ 
ly,  Cjj  and  Sjjj  reflect  the  relationship  between 
aerodynamic  forces  and  the  shape  and  dimensions 
of  the  body.  In  artillery,  this  relationship 
Is  generally  taken  Into  account  by  the  ballis¬ 
tic  missile  coefficient  Cq.  Thus  the  denota¬ 
tion 

Is  modified  to  the  following  equivalent  form 
X=C^(y)F(v),  (6.47) 

where  Cq  Is  the  ballistic  missile  coefficient;  A(y)  is  the  altitude 
function;  F(v)  Is  the  resistance  function. 

The  ballistic  missile  coefficient  Is  associated  with  the  basis 
design  parameters  of  the  missile  by  the  following  relationship: 


Fig.  6,37.  Laws  gov¬ 
erning  resistance  of 
standard  missiles  l) 
The  Slachchl  [sic] 
law;  2)  The  law  of 
the  year  "1930";  3) 
The  law  of  the  year 

"1943. " 


Fig.  6.36.  Calculation  dia¬ 
gram  of  missile  for  applica¬ 
tion  of  theorem  on  static 
moments  on  determination  of 
position  of  missile  center 
of  pressure 
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Idt-lOOO 

f 


(6.48) 


where  1  Is  the  coefficient  of  missile  shape;  d  Is  the  calibre  of  the 
missile.  In  Inches;  £  Is  the  weight  of  the  missile.  In  kg. 

Let  us  Introduce  the  ratio  q/d^,  generally  referred  to  as  the 
lateral  load  on  the  missile,  and  denoted  by 

C  J-i- 

*  • 

If  we  take  Into  consideration  C  ,  (6.48)  will  be 


1000/ 

Cfd 


(6.48’) 


The  quantity  C  amounts  to,  for  example,  C  =  15  kg/dm^  for  the 
finned  rocket  missiles  of  the  USSR  M-8  system,  and  for  the  USSR  M-13 
system,  C  =  19  kg/dm^. 

The  established  practice  of  preliminary  ballistics  calculations 
reduces  the  calculation  of  the  coefficient  Cq  to  a  comparison  of  this 
coefficient  with  the  ballistic  missile  coefficient  adopted  as  the  stan¬ 
dard,  so  that 

C.-/Co«.  (6.49) 

where  Cq  Is  the  ballistic  coefficient  of  a  standard  missile;  1  Is 
the  shape  factor  of  the  given  missile. 

The  quantity  Cq  for  various  velocities  Is  determined  experi¬ 
mentally.  Frequently,  the  curve  first  derived  by  Slachchl  [sic]  Is 
chosen  as  the  standard  curve  Cq  g^  (M),  However,  generally  speaking, 
other  curves  taken  for  missiles  of  definite  configurations  can  be 
selected  as  the  st^dard.  In  addition  to  the  Slachchl  [sic]  curve,  the 
curves  which  are  conventionally  referred  to  as  the  curves  of  the  ”1930 
law"  and  the  "1943  law"  (Fig.  6.37)  have  also  found  widespread  appli¬ 
cation. 
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Experience  in  the  design  of  rocket  missiles  shows  that  for  the 
preliminary  calculations  of  the  coefficient  of  shape  for  finned  mis¬ 
siles  employed  In  the  field  artillery  can  be  assumed  to  be  equal  to 
1_  =  0.8  Is  accordance  with  the  Slachchl  resistance  lawj  It  can  be 

D 

assumed  to  be  equal  to  I^q  =  1.35  In  accordance  with  the  "1930  law"; 
and  In  accordance  with  the  "1943  law,"  It  can  be  assumed  to  be  equal 
to  12^2  =  1»45^  so  that ^  the  ballistic  coefficient  of  the  missile  can  be 
estimated  as  follows; 


Cfl = 0|8  (Cg  (T)cm<i«i* 

^0~  1»35  (Cg|,)itS0  r., 
Cp=l,4S(Co,,)n«r,  j 


(6.49‘) 


where  the  value  of  Cq  of  the  standard  missiles  Is  taken  from  the  cor 
responding  curves,  and  In  first  approximation  the  curves  shown  in 
Pig.  6.37  can  be  employed. 

If  we  compare  the  ci^rve  Cq(M)  of  a  true  finned  rocket  missile 
against  the  standard  curves  (Pig.  6.38),  It  Is  easy  to  show  that 


l.e.,  the  shape  factor,  strictly  speaking,  cannot  be  assumed  to  be 


constant  for  the  various  flight  velocities.  Por  example,  for  a  missile 


whose  resistance -function  curve  Is  shown  In  Pig.  6.38,  the  magnitude 
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Pig.  6.38.  Compar¬ 
ison  of  law  govern¬ 
ing  resistance  of  a 
finned  solld-propel- 
lant  rocket  missile 
with  standard  curves 


of  the  ratio  changes  as  shown  In  Pig.  6.39* 

We  can  see  from  this  figure  that  while  with 
respect  to  the  "1930  resistance  function"  we 
can  examine  some  average  value  of  the  coeffi¬ 
cient  of  1  In  terms  of  flight  Mach  numbers, 
such  averaging  In  the  case  of  the  Slachchl 

[slcj  law  (function)  such  an  averaging  may  pos¬ 
sibly  produce  serious  calculation  errors.  Diere- 
fore.  In  the  case  of  refined  calculations  as  a 
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rule,  the  relationship  between  the  shape  factor  of  the  missile  and 
velocity  Is  taken  Into  consideration. 


Fig.  6.39.  Shape  fac¬ 
tor  1  of  finned  rock¬ 
et  nilsslle  as  function 
of  the  flight  Mach  •’.) 
ntsnber  l)  the  "193O 
law":  2)  the  Slachchl 
[slcj  law. 


The  relationship  1  =  f(M)  can  be  taken 
Into  consideration  with  an  adequate  degree 
of  accuracy  If  the  values  of  the  shape  fac¬ 
tor  presented  In  Table  6.1  are  employed  In 
the  calculations. 

Thus  a  calculation  of  the  force  of 
frontal  missile  drag  In  the  second  case  can 
be  reduced  'to  a  detemlnatlon  of  the  shape 
factor  of  this  missile  with  respect  to  one 


of  the  standard  resistance  functions.  However,  If  we  know  the  shape 
factor  1,  It  Is  easy  to  find  the  required  calculation  magnitudes,  us¬ 
ing  the  above -presented  relationship.  It  Is  clear  that  this  method  Is 


applicable  only  for  an  evaluation  of  the  active  forces  In  the  case  of 


rough  preliminary  calculations. 

TABLE  6.1. 

Recommended  Calculation  Values  of  Shape 
Factor  for  Finned  Rocket  Missile  for 
Various  Laws  of  Resistance 


M 

^  Koi^ 

^■miCHT  ^opiw  1 

2  K  unouj 
CmatiM 

3ic  aaicoHT 
^  1080  rf 

aaimnr 
1043  r. 

0.1 

0,900 

1,380 

1.000 

0.6 

0,975 

1,380 

1,000 

1.0 

0,806 

1,230 

1,388 

1.8 

0,806 

1,338 

1,206 

c  CpeiMe  Mave>M  KOtf^muMTa  #opiiii  • 

^  paccMiTpnatiioii  junnaaoM  esopocTti 

0.1-1 .8 

- 

0,772 

1,337 

1.430 

1}  Shape  factor;  2)  for  the  Slachchl  [ale] 
law;  3J  for  the  1930  law;  4)  for  the  1943 
law;  3)  mean  value  of  the  shape  factor  In 
the  velocl^ty  range  being  examined. 

Calculation  of  Aerodynamic  Moments  Acting  on  Mlaalle  In  Plight 

It  has  been  shown  that  In  referring  the  aerodynamic  forces  to  the 
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center  of  gravity,  there  appear  moments  whose  magnitude  is  determined 
by  the  magnitudes  of  the  aerodynamic  forces  X  and  Y  and  the  distance 
between  the  center  of  gravity  and  the  center  of  missile  pressure.  De¬ 
noting  this  distance  by 

- X^.T, 


we  will  obtain  (Fig.  6.40) 

M^Ye  cos  0+ sin  o.  (6.50) 

The  standard  form  of  writing  out  the  aerodynamic  moment  M  Is  given 
by  the  following  expression; 


(6.51) 


where  C*.  Is  the  moment  coefficient;  s_  Is  the  area  of  the  rocket's  mid 
M  m 

section;  Xj^  Is  the  characteristic  linear  dimension  of  the  rocket  which 
Is  generally  assumed  to  be  the  length  of  the  missile  airframe. 

Taking  Into  consideration  (6. 51)  and  the  standard  form  of  denot¬ 
ing  aerodynamic  forces,  we  will  derive  Eq.(6.50)  In  the  following 
form; 


CmSuX,  -f  -  CyS^  e  cos  a +C,s.  if-etloa. 

whence  for  the  moment  coefficient  we  obtain  the  follov/lng  relation¬ 
ship 


C;n — — (Cj.  cos  a-f  Cjr  Sin  «) 


(6.52) 


or  for  the  case  of  small  angles  of  attack,  when  we  can  assume 
cos  a  «  1.0,  sin  a  »  a. 

C^«-i-(Cy+-C,).  (6.52") 

It  Is  evident  that  given  a  zero  angle  of  attack,  the  aerodynamic 
moment  will  vanish. 

The  components  of  the  total  aerodynamic  moment  with  respect  to 
the  Ox',  Oy',  and  Od'  axes  of  the  connected  coordinate  system  are  re- 
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ferred  to,  respectively,  as  the  moments  of  roll  M„,  yaw  M.,  and 

pitch  Mg.  These  are  generally  expressed  In  terms  of  the  correspond¬ 

ing  coefficients.  In  standard  form: 

^f^CMfSuXg 

where  and  are  standard  coefficients. 

A  shift  of  the  missile  In  space  as  a  result  of  the  action  of  mo¬ 

ments  Mg,  M^,  and  M^p  hinders  the  forces  of  viscous  friction  and  those 


(6.51’) 


Fig.  6.40.  Calculation  of  aerodynamic 
moment  In  terms  of  the  forces  which 
produce  the  appearance  of  this  moment, 
hy  =  e  cos  a)  arm  of  lift  force  with 

respect  to  center  of  missile  gravity 
h  =  e  sin  a)  arm  of  force  of  frontal 

Jv 

resistance  with  respect  to  center  of 
missile  gravity 

forces  which  appear  as  a  result  of  certain  secondary  phenomena  which 
can  be  observed  In  the  case  of  the  missile  turning  about  the  center 
of  gravity.  This  coimteractlon  Is  generally  taken  Into  consideration 
through  the  Introduction  of  the  concept  of  the  damping  moment  by  which 
we  mean  the  moment  which  Is  proportional  to  the  total  counteraction  of 
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the  medium.  Each  of  the  moments  Mg#  M^,#  and  M^^  Is  assigned  a  damping 
moment  of  the  same  designation: 

Is  the  damping  moment  of  pitch; 

M'^  Is  the  damping  moment  of  yawj 

M'(p  Is  the  damping  moment  of  roll. 

To  distinguish  them  from  the  damping  moment#  the  moments  Mg#  M^p# 
and  M,  are  sometimes  referred  to  as  the  stabilizing  moments. 

Thus  there  Is  always  some  effective  moment  ^gf#  acting  on  the 
missile#  said  moment  determined  by  the  following  equation 


Afji 

where  M^^  Is  the  stabilizing  moment;  M^gjjjpf  Is  the  damping  moment. 

The  calculation  of  the  coefficients  Cj^jg,  Cj^^#  and  C'j^g#  C 'j^^# 

and  C  Is  the  coraparltlvely  complex.  In  first  approximation#  the 
damping  moments  need  not  be  taken  Into  consideration#  and  Cj^g# 

Cj(j^#  can  be  taken  Into  consideration  In  terms  of  Cy#  C-^  and  the  geo¬ 
metric  characteristics  of  the  missile.* 


§3.  GENERAL  SYSTEM  OP  EQUATIONS  OF  MISSILE  MOTION  IN  AIR  IN  A  SPATIAL 
SYSTEM  OF  COORDINATES 


In  the  general  case#  In  accordance  with  the  basic  principles  of 
mechanics#  the  complex  motion  of  a  missile  with  respect  to  a  ground 
system  of  coordinates  can  be  presented  as  the  sum  of  the  forward 
(translational)  and  relative  motions.  In  this  case#  the  forward  (trans¬ 
lational)  motion  will  be  the  translation  of  the  center  of  missile 
gravity#  the  nature  of  which  Is  determined  by  the  well-known  relation¬ 
ships  for  translational  motion: 


(6.53') 
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The  rotation  of  the  missile  about  the  center  of  gravity.  In  ac¬ 
cordance  with  the  following  equations.  Is  referred  to  as  relative  mo¬ 
tion: 


y-i 


In  the  systems  of  equations  (6.53')  and  (6.53")  the  following  de¬ 
notations  have  been  adopted:  m  Is  the  mass  of  the  rocket  missile,  at 
some  arbitrary  Instant  of  time;  X,  y,  and  M  are  the  second  derivatives 
with  respect  to  time  of  the  coordinates  of  the  center  of  missile  gra¬ 
vity  In  a  ground  coordinate  system  (the  components  of  acceleration 
along  the  axes  of  the  ground  system  of  coordinates);  (•^'i)x#  ^^l^y 
(Fj^)^  are  projections  of  the  1-th  components  from  the  system  of  forces 
acting  on  the  missile  during  flight  onto  the  Ox,  Oy,  and  Oz  axes;  m^ 

Is  the  number  of  forces  acting  on  the  missile;  J.  Is  the  moment  of 

w 

missile  Inertia  with  respect  to  one  of  the  lateral  axes  of  the  connect¬ 
ed  system  of  coordinates  (Oy '  or  Oz'),  referred  to  as  the  equatorial 
moment  of  Inertia;  Is  the  moment  of  missile  Inertia  with  respect  to 
the  Ox '  axis  of  the  connected  coordinate  system,  referred  to  In  the 
established  terminology  as  the  polar  moment  of  Inertia;  0,  and 
are  the  second  derivatives  with  respect  to  time  of  the  angular  coor¬ 
dinates  of  the  two  moving  coordinate  systems  with  respect  to  the  grotind 
coordinate  system  (the  components  of  conditional  acceleration  with  res¬ 
pect  to  the  corresponding  axes);  Mgj,  ^(pj*  magnitudes 

of  the  J-th  moment  with  respect  to  the  corresponding  angles  from  the 
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total  system  of  moments  acting  on  the  missile;  ng  Is  the  ntimber  of  mo¬ 
ments  acting  on  the  missile  In  flight. 

Bearing  In  mind  what  was  said  earlier  about  the  system  of  forces 
and  moments  acting  on  an  ungulded  rocket  missile  In  flight,  we  will 
obtain  a  general  system  of  differential  equations  of  missile  motion 
having  the  following  form: 

fny^^Rf-mg+Y^—X^-Z,, 
ftiz^Rt—Xg — Y t  —  Zg, 

where  R  ,  R  ,  and  R  are  the  components  of  the  force  of  thrust  from  a 
X  y  z 

rocket  engine,  along  the  axes  of  a  ground  system  of  coordinates;  mg  Is 

the  force  of  gravity  (the  weight  of  the  missile);  if  we  assume  the 

earth  Is  flat,  this  force  Is  projected  only  on  Oy';  X^,  Y  ,  and 

are  the  components  of  the  force  of  frontal  resistance  along  the 

coordinate  axes;  Y  ,  Y  ,  and  Y_  are  the  corresponding  components  of 

X  y  z 

lift;  Z^,  Zy,  and  are  components  of  lateral  force;  Mg,  M^,  and  M^p 
are  the  stabilizing  aerodynamic  moments  with  respect  to  the  coordin¬ 
ate  angles  of  pitch,  yaw,  and  roll;  M^,  M^,  and  M^  are  the  correspond¬ 
ing  damping  moments. 

Generally  speaking,  the  Coriolis  force  which  takes  Into  consi¬ 
deration  the  rotation  of  the  earth  about  Its  own  axis  should  be  added 
to  the  above -envunerated  forces.  However,  for  solld-propellant  rocket 
missiles  having  a  flight  reinge  of  50  to  80  km,  the  Coriolis  effect 
need  not  be  taken  Into  consideration  and  the  system  of  forces  can  be 
considered  In  the  form  In  which  It  Is  presented  In  Eqs,  (6.54). 

System  (6.54)  Is  somewhat  too  complex  In  order  to  solve  It  In  its 
general  form.  In  fact,  the  mass  ra  of  the  missile  changes  with  respect 
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(6.54) 


to  time,  at  least  during  the  active  phase  of  the  flight,  l.e.,  m  = 

=  m(t). 

The  thrust  R  of  a  solld-propellant  rocket  engine  also  changes 
with  respect  to  time  because,  first  of  all.  It  can  be  programmed  In 
some  way,  and,  secondly,  because  It  changes  with  flight  altitude  as  a 
result  of  the  drop  In  the  pressure  of  the  surrounding  medium.  Thus,  in 
the  general  case 

where  tp^.  Is  the  Instantaneous  Instant  of  time  of  programmed  flight. 

Finally,  the  aerodynamic  forces  and  moments  also  change  with  res¬ 
pect  to  time,  and  these  are  functions  of  altitude  and  flight  velocity; 

X’^X(y,  X,  y.  t,  t), 

Afi>=Afi  {y,  X.  y.  x,  t). 

Taking  these  remarks  with  respect  to  the  active  forces  Into  con¬ 
sideration,  we  can  write  the  system  of  equations  (6.5^)  In  expanded 
form: 

«(/)  x,i)  — 

m  (0j?“  y)  -  (J'-  0  -  X,  (y .  x,y,  x,  t)  + 

+  K^(y,  jc,y,  x,t)—Zjf(y,x,y,x,i), 

’  m(Ox-^^,(t^,y)-X^(y.x,y,x.i)- 
-ys(y,x.y.x,i)-Z,(y.x,y.x,t), 
J,(()ii^Mt(y,x,y,x,O-Xi0(y.  x,  y.x,t), 

J,(0'^^M^(y,  x,y.  x.O-Mt(y,x,y,  x,i), 

*•  <*.y.  *•  <)• 

This  system  consists  of  six  conventlo.nal  linear  differential 
equations  with  variable  coefficients,  a  portion  of  which  (for  example, 
the  aerodyneunlc  forces)  cannot  even  be  presented  In  analytical  form, 
as  formulas  which  relate  the  variables  y,  x,  y,  ...  t. 
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The  cited  general  system  of  equations  for  missile  motion  Is  gen¬ 
erally  simplified  for  practical  application.  In  this  case,  the  most 
substantial  simplifications  are  associated  with  the  property  of  mis¬ 
sile  stability  on  the  trajectory. 

§4.  THE  CONCEPT  OF  MISSILE  STABILITY  ON  THE  TRAJECTORY 

The  motion  of  a  missile  on  Its  trajectory  Is  regarded  as  stable 
If  In  the  case  of  chance  deflection  of  the  missile  from  the  trajectory 
there  arise  forces  and  moments  which  act  to  return  the  missile  to  Its 
Initial  trajectory. 

In  the  design  of  a  missile,  special  measures  are  taken  to  provide 
for  missile  stability  In  flight.  The  flight  of  a  missile  on  Its  tra¬ 
jectory  can  stabilized  through  the  use  of  tall  surfaces  (empennage) 
or  rotation  (or  the  combined  effect  of  tall  surfaces  and  rotation). 
Empennage  stabilization  Is  attained  as  a  result  of  the  fact  that  addi¬ 
tional  aerodynamic  forces  act  on  the  tall  surfaces,  and  these  forces 
can  return  the  missile  to  Its  Initial  trajectory  In  the  case  of  missile 
deflection.  Stabilization  by  means  of  rotation  Is  based  on  the  so-cal¬ 
led  property  of  gyroscopic  stability  that  Is  Inherent  In  bodies  of  cer¬ 
tain  shape  (Including  the  shape  of  a  missile)  rotating  at  a  great  an¬ 
gle  of  velocity  about  Its  longitudinal  axis. 

Without  dwelling  In  too  great  detail  at  the  moment  on  the  problem 
the  stabilization  of  solid -propellant  missiles,  we  will  say  only  that 
It  would  be  Impossible  to  fire  at  some  target  If  chance  disturbances 
(wind  gusts,  local  drops  In  air  density,  etc. )  could  move  the  missile 
from  Its  trajectory  and  cause  the  missile  to  continue  In  Its  deflected 
course  from  the  Initial  flight  heading,  l.e..  If  the  missile  were  un¬ 
stable  on  Its  trajectory  (Pig.  6.4l). 

For  a  stabilized  missile  trajectory,  the  latter  Is  an  almost 
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The  cited  general  system  of  equations  for  missile  motion  Is  gen¬ 
erally  simplified  for  practical  application.  In  this  case,  the  most 
substantial  simplifications  are  associated  with  the  property  of  mis¬ 
sile  stability  on  the  trajectory. 

§4.  THE  CONCEPT  OF  MISSILE  STABILITY  ON  THE  TRAJECTORY 

The  motion  of  a  missile  on  Its  trajectory  Is  regarded  as  stable 
If  In  the  case  of  chance  deflection  of  the  missile  from  the  trajectory 
there  arise  forces  and  moments  which  act  to  return  the  missile  to  Its 
Initial  trajectory. 

In  the  design  of  a  missile,  special  measures  are  taken  to  provide 
for  missile  stability  In  flight.  The  flight  of  a  missile  on  Its  tra¬ 
jectory  can  stabilized  through  the  use  of  tall  surfaces  (empennage) 
or  rotation  (or  the  combined  effect  of  tall  surfaces  and  rotation). 
Empennage  stabilization  Is  attained  as  a  result  of  the  fact  that  addi¬ 
tional  aerodynamic  forces  act  on  the  tall  surfaces,  and  these  forces 
can  return  the  missile  to  Its  Initial  trajectory  In  the  case  of  missile 
deflection.  Stabilization  by  means  of  rotation  Is  based  on  the  so-cal¬ 
led  property  of  gyroscopic  stability  that  Is  Inherent  In  bodies  of  cer¬ 
tain  shape  (including  the  shape  of  a  missile)  rotating  at  a  great  an¬ 
gle  of  velocity  about  Its  longitudinal  axis. 

Without  dwelling  In  too  great  detail  at  the  moment  on  the  problem 
the  stabilization  of  solid -propellant  missiles,  we  will  say  only  that 
It  would  be  Impossible  to  fire  at  some  target  If  chance  disturbances 
(wind  gusts,  local  drops  In  air  density,  etc. )  could  move  the  missile 
from  Its  trajectory  and  cause  the  missile  to  continue  In  Its  deflected 
course  from  the  Initial  flight  heading,  l.e..  If  the  missile  were  un¬ 
stable  on  Its  trajectory  (Pig.  6.4l). 

For  a  stabilized  missile  trajectory,  the  latter  Is  an  almost 
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Ideally  flat  curve  situated  In  the  firing  plane.  Consequently,  If  for 
purposes  of  studying  the  motion  of  such  a  missile  the  plane  xOy  of 
the  ground  system  of  coordinates  were  made  to  coincide  with  the  fir¬ 
ing  plane,  the  lateral  coordinate  of  the  position  of  the  center  of 
missile  gravity  would  be  constant  and  equal  to  zero,  l.e.,  the  third 
equation  In  System  (6.54)  could  be  eliminated. 

Moreover,  the  property  of  missile  flight  stability  assumes  that 
the  oscillatory  motion  of  a  missile  about  the  center  of  gravity  Is 
limited  and  Is  dangled  aftar  the  disturbance  has  been  removed.  This 
allows  us  In  certain  cases  to  neglect  the  equations  of  rotational  mo¬ 
tion  In  System  (6.54).  As  a  result,  for  known  stable  flight  System 
(6.54)  Is  substantially  simplified. 


Fig.  6.4l.  Unstable  and  stable  missile 
motion  on  the  trajectory  a)  Unstable 
motion;  b)  stable  motion;  m)  the  point 
on  the  trajectory  at  which  a  certain 
disturbance  Is  applied  on  the  missile 
by  external  forces 


§5.  SYSTEM  OF  EQUATIONS  FOR  MISSILE  MOTION  STABILIZED  BOTH  ALONG  THE 
TRAJECTORY  AND  IN  THE  FIRING  PLANE 


Having  taken  Into  conslderatlnn  the  above  with  respect  to  the 
features  encountered  In  the  stabilized  flight  of  missiles,  we  obtain 
the  system  of  equations  of  missile  motion  In  the  firing  plane  In  the 
following  form 


mi-— 

for  missiles  stabilized  with  tall  surfaces,  or 

mx^rnR^—Xg—  Yjt—Zg, 
my=R,^ii^—X,-\-ry  —Zy, 


(6.55') 


(6.55") 
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for  turbojet  missiles^  stabilized  by  rotation. . 

In  the  preliminary  calculations,  the  forces  Y  and  Z  and  Eqs. 
(6.55')  and  (6.55")  may  be  assumed  to  be  equal  to  zero,  so  that 


and  the  system  will  be 


K,(^)  =  0,  Zjt(y)=0, 

my=^Ry—mg—Xj, 


(6.55) 


System  (6.55)  can  be  presented  in  another  somewhat  more  conven¬ 
ient  form,  by  examining  the  translational  motion  of  the  center  of  mis¬ 
sile  gravity  in  a  system  whose  axes  coincide  at  each  and  every  Instant 
of  time  with  the  direction  of  the  normal  and  the  tangent  to  the  traJ 
jectory  (a  special  case  of  the  connected  system  of  coordinates)  rather 
than  in  a  ground  system  of  coordinates. 

The  equations  of  translational  motion  in  projections  onto  the 
nonnal  and  the  tangent  take  the  following  form; 

mv^R—mg^ni—X,  1 

miA'»Y-~mgoM%.  ’  ,  (6.56') 


The  total  system  of  equations  for  this  case,  assuming  flight 
stability,  will  be: 


mv^R—mg*lai—X, 


(6.56) 


The  systems  of  equations  (6.55)  and  (6.56)  have  been  simplified 
only  in  a  formal  fashion  in  comparison  with  a  general  system  of  equa¬ 
tion  of  missile  motion  (6.54);  the  number  of  equations  has  been  re¬ 
duced  and  the  components  of  the  forces  Y  and  Z  have  been  dropped  from 
the  equations  of  translational  motion.  For  all  intents  and  purposes, 
however,  these  systems  are  as  complex  to  solve  as  Is  System  (6.54). 
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§6.  SIMPLIFIED  SYSTEM  OP  EQUATIONS  FOR  THE  MOTION  OP  THE  CENTER  OF 
MISSILE  GRAVITY  IN  AIRLESS  SPACE 

^  Let  us  Imagine  a  missile  In  the  form  a  material  point  having  a 

mass  m  and  let  us  examine  the  motion  of  this  point  In  airless  space. 

Since  the  missile  Is  being  regarded  as  a  point,  there  Is  no  sense 
In  considering  the  rotational  motion  of  the  missile,  l.e.,  the  system 
of  equations  describing  the  motion  of  such  a  missile  Is  reduced  to 
two  equations  of  translational  motion  (for  the  case  of  stabilized 
flight  In  the  firing  plane). 

In  view  of  the  fact  that  the  missile  motion  Is  assimed  to  be  tak¬ 
ing  place  In  airless  space,  the  aerodynamic  forces  of  missile  Inter¬ 
action  with  the  surrounding  medium  are  naturally  assumed  to  be  equal 
to  zero,  so  that  the  corresponding  equations  are  simplified  to  the 
following  form: 

n(x=‘Rg, 

The  force  of  thrust  R  (R  ,  R  )  acts  on  the  missile  only  during  the 

X  y 

active  phase  of  the  flight.  The  magnitude  of  the  active  phase.  In  com¬ 
parison  with  the  entire  trajectory.  Is  relatively  small,  and  In  approx¬ 
imate  terms  It  may  be  held  that  the  missile  acquires  a  certain  velocity 
virtually  at  the  launch  site  as  a  result  of  the  action  of  engine 
thrust. 

Taking  these  comments  and  assumptions  Into  consideration,  we  can 
present  the  motion  of  a  missile  along  Its  trajectory  In  the  form  of 
the  following  system  of  equations: 

j  (6.57) 

«f  * 

with  the  Initial  condition  that  v  =  v_  (the  velocity  at  the  end  of  the 

r  ^ 

active  phase  of  the  trajectory,  calculated  In  accordance  with  the  K.E. 
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Tsiolkovskly  formula)  at  t  =  0. 

System  (6.57)  Is  referred  to  as  a  simplified  system  of  equations 
for  the  motion  of  the  center  of  missile  gravity  in  airless  space.  This 
system  can  be  Integrated  In  quadratures. 

§7.  CALCULATION  OP  MISSILE  TRAJECTORY  ELEMENTS 

In  calculating  the  trajectory  of  a  missile,  we  are  primarily  In¬ 
terested  In  missile  flight  range  (for  a  certain  Initial  flight,  velo¬ 
city)  or  we  want  to  know  the  required  Initial  velocity  In  order  to 
enable  the  missile  to  attain  a  certain  given  flight  range.  Of  secon¬ 
dary  Importance,  as  a  rule,  are  questions  relating  to  the  laws  govern¬ 
ing  missile  motion  along  a  trajectory,  l.e.,  relating  to  the  time  se¬ 
quence  In  which  the  missile  will  pass  Individual  points  on  the  trajec¬ 
tory,  and  how  missile  flight  velocity  will  change  In  this  case,  etc. 

In  first  approximation,  the  answer  to  all  these  questions  can  be 
attained  by  Integrating  System  (6.57).  Since  In  the  derivation  of  this 
system  we  employed  such  gross  assumptions  as  to  neglect  the  forces  of 
aerodynamic  Interaction  between  the  missile  and  the  approaching  air- 
stream  and  the  elimination  of  the  active  phase  from  our  consideration, 
etc.,  the  corresponding  calculation  results  will  be  somewhat  limited  In 
nature . 

Estimate  of  limit  trajectory  elements  by  Integrating  the  simplified 
system  of  equations 

Let  us  examine  System  (6.57): 

ifW-0, 

Since  the  missile  mass  m  In  the  equation  of  this  system  Is  con¬ 
stant  and  not  equal  to  zero.  It  Is  possible  to  present  this  system  In 
the  following  form: 


The  Integration  of  the  last  equations  can  be  reduced  to  the  fol¬ 
lowing. 

The  equation 


Indicates  that 


rf/*  \4t)  4t  '  ^  '' 


Equation 


JCaB  const  «C|. 


4  t»\ 

y  “  4t  ^ 

after  separation  of  the  variables  leads  to  the  equation 

rfO')—  ~gdt. 


which,  after  Integration 

^d{y)^^—gdt 

yields 

y^-gt^C^ 

The  Integration  constants  and  Cg  are  determined  from  the  Ini¬ 
tial  conditions: 

at  t  =  0,  V  =  v_  (the  velocity  at  the  end  of  the  active  phase), 

cl 

ib  S8  0 


X  — o,-fr„»«,cos  V 


Thus,  we  will  obtain 


x.O  1  ji-C,-<»,oos#, 

jfw^  —  g  •  y«=— f/+«,ilnl. 


Repeated  Integration  yields: 


whence  after  the  separation  of  the  variables  emd  Integrating 


x-C,<+C, 
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and  correspondingly 


ym^  —^  +  Cff  +  Ci. 

Bearing  In  mind  that  the  coordinate  origin  coincides  with  the 
point  of  missile  launch,  we  define  the  Integration  constants  and 
as  being  equal  to  zero.  In  conclusion,  we  will  obtain 


jc«0  i»*v,cos9o  I  x=vJcos9f 
y’^—g  y— »,8ln8o-^<  I 

where  the  equalities 


(6.58) 


(6.58') 

^“0.  j 

y^-g  J 

show  how  the  acceleration  components  of  missile  motion  change  with 
time ;  the  equations 


i=fvcos*o. 
y— ®,8lneo— ^ 


(6.58") 


show  how  the  velocity  components  of  missile  motion  change;  and  finally, 
the  equations 


f 


x->v^cof6t 


(6. 58”* ) 


show  how  the  coordinates  of  missile  position  on  the  trajectory  change 
In  time  with  respect  to  altitude  and  range. 

The  last  relationships  make  It  possible  to  estimate  the  maximum 
flight  range  of  the  missile.  The  formula  for  maximum  reinge  Is  most  sim¬ 
ply  derived  by  employing  the  following  conditions:  at  x  =  y  =  0. 

Prom  the  following  equation 


y- 


we  will  find  that  y  =  0  Is  valid  In  the  following  case: 
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/,-o. 

/  _  2p«  «!■  % 


The  case  =  0  corresponds  to  the  position  of  the  missile  at  the 
point  of  missile  launch  and,  consequently,  the  value  of  time  tg  corres¬ 
ponds  to  the  position  of  the  missile  at  point  M  on  the  trajectory  (Fig. 
6.42).  Consequently, 

?2i^co8«o=4**"2»,.  (6-59) 

We  see  that  =  f(Vg^,  0q),  l.e.,  given  the  same  velocity  at 

the  end  of  the  active  flight  phase,  the  maximum  range  will  be  a  func¬ 
tion  of  the  Initial  0q.  In  this  case,  the  greatest  value  of  will 

correspond  to  the  following  case : 

'  ■  tin2fi««l.  •;  . 


and  amounts  to 


(6.60) 

Solving  Formula  (6.59)  for  v_,  we  find  that  In  order  to  achieve 

cl 

a  range  of  the  missile  must  attain  a  velocity  no  less  than 


aln  ' 


(6.61) 


If  the  Initial  launch  angle  (the  setting  angle  of  the  weapon  launch 
Installation)  amounts  to  0q  degrees  to  the  horizon. 

We  will  now  determine  the  maximum  altitude  of  missile  ascent 

along  the  trajectory.  This  quantity  can  be  determined,  for  example, 
from  the  maximum  of  the  function  y  =  f(x).  In  our  case,  y  =  f(x)  Is 
presented  In  the  form  of  two  equations: 


and  It  Is  therefore  necessary  at  the  beginning  to  eliminate  the  para- 


meter  t  and  express  ^  directly  In  terms  of  x*  The  appropriate  trans¬ 
formations  will  result  In  a  relationship  of  the  following  form: 


(6.62) 

Equation  (6.62)  Is  the  equation  of  the  missile's  flight  trajec¬ 


tory.  If  we  examine  the  nature  of  the  curve  corresponding  to  this 

equation,  we  can  demonstrate  that  the 
curve  Is  a  parabola  shifted  with  res¬ 
pect  to  the  coordinate  origin  and  we 
can  show  that  this  curve  has  an  axis 
of  symmetry  that  Is  parallel  to  the 
Oy  axis  (Pig.  6.43). 

The  maximum  of  Function  (6.62) 


Pig.  6.42.  Trajectory  dia¬ 
gram  for  calculation  of  max- 
Imxim  missile  flight  range  In 
airless  space 


has  the  following  form: 


dx 


dx 


.  -jjE — 0. 

2l^COt3|o  COSIq 


whence  the  value  of  x  at  which  attains  Its  maximum  value  of  Is 

determined  In  the  following  form: 


and  the  value  of  Itself  will  be 

-  t^t|tftoCO»«lo  ,  ,fan,  ijlftlCWti 

or  after  reducing  and  canceling 


(6.63) 


(6.64) 


It  Is  clear  that  the  greatest  value  of  will  be  found  In  the 

case  of  sin  0q  =  1,  l.e.,  for  0q  =  90°  (vertical  ascent) 


(6.65) 


-  346  - 


4 


( 


Pig.  6.43.  Parabola  of 
missile  trajectory  In 
airless  space. Yq)  alti¬ 
tude  coordinate  of 
point  of  missile  launch; 
O' )  trajectory  peak 


V/e  can  see  from  (6.65)  that  the  min¬ 
imum  velocity  required  to  attain  an  alti¬ 
tude  of  In  vertical  flight  will  be 

Relationship  (6.58"^  makes  It  possi¬ 
ble  to  estimate  the  time  In  which  the 
rocket  missile  will  attain  a  certain  alti¬ 
tude  y*  or  will  reach  a  distance  x*  from 
the  launch  site.  These  time,  respectively, 
will  be ; 


r«cot  Oo 


(6.67) 


= — sin  flj  +1/  •^8ln*9o— 
g  r  r 

By  the  way,  the  total  flight  time  for  the  missile  can  be  deter¬ 
mined  from  Eq.  (6.67)  In  the  following  form 


(from  condition  ] 

or 


(6.68) 


i  SvaSlnBo  ^  I 

^iii.x= — p^(from  condition  y  *0)*  j 

It  Is  easy  to  see  that  both  of  these  relationships  are  equivalent. 

The  cited  calculation  relationships  yield  results  that  are  sub¬ 
stantially  different  from  those  observed  In  practice.  This  Is  not  sur¬ 
prising,  since  In  the  derivation  of  these  relationships  excessively 
gross  assiimptlons  were  employed,  and  the  most  Important  of  these  being 
the  failure  to  take  Into  consideration  the  aerodynamic  forces.  This 
method  Is  employed  only  for  tentative  calculations  In  the  preliminary 
Resign  of  a  rocket  missile. 

Substantially  more  exact  results  are.  obtained  If  Systems  (6.55) 
or  (6.56)  are  Integrated  In  the  place  of  the  slmplfled  system;  however. 
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It  Is  Impossible  to  carry  out  the  calculation  In  the  general  form  and 
It  becomes  necessary  to  resort  to  approximate  numerical  Integration  me¬ 
thods.  The  Integration  results  are  obtained  not  In  the  form  of  formu¬ 
las  but  In  the  form  of  tables  In  which  the  basic  elements  of  the  tra¬ 
jectory  are  determined  for  various  values  of  flight  time.  The  method 
of  the  numerical  Integration  of  the  equations  of  motion  for  a  solld- 
propellant  rocket  missile  Is  presented  below. 

Calculation  of  Trajectory  Elements  by  the  Method  of  the  Numerical  In¬ 
tegration  of  the  Equations  of  Missile  Motion  In  the  Firing  Plane 

It  basically  makes  no  difference  which  systems  of  equations  — 
(6.55)  or  (6.56) —is used  to  calculate  the  trajectory  elements  by  the 
method  of  nvimerlcal  Integration.  However,  It  Is  held  that  System  (6.56) 
Is,  nevertheless,  more  convenient,  and  It  Is  this  system,  written  In 
the  following  form,  that  Is  most  frequently  used: 


« (0^  -i?  (/)  -«  (0^  sin  • 

« (0  ®  (0  «  (0  ^  cot  6  (0, 


where  the  last  two  equations  are  clear  from  the  definition  of  the  con¬ 
cept  of  flight  velocity. 

Prom  (6.69)  we  obtain  the  following  system  of  calculation  equa¬ 


tions  : 


V/ +  At», 

Ai- - 

Ay— (v,  tin!,)  A/. 
AX— (v,cotl,)A^. 


(6.70) 
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To  solve  this  system,  the  initial  parameters  of  motion  must  be 
given:  Vq  Is  the  Initial  velocity  of  missile  motion,  equal  to  zero  or 
the  velocity  which  the  missile  attains  as  It  leaves  the  guide 

rails  of  the  launch  Installation  as  a  function  of  the  selection  of  the 
coordinate  origin;  0q  Is  the  Initial  angle  of  trajectory  rise,  equal 
to  the  setting  angle  of  the  launch  Installation;  Xq  and  y^  are  the  co¬ 
ordinates  of  the  point  selected  as  the  coordinate  origin  (the  begin¬ 
ning  or  the  end  of  the  weapon  launch  Installation).  We  can  maintain, 
with  sufficient  accuracy,  that 

yo“0. 

Moreover,  the  missile  characteristics  X  =  X(m)  and  the  rocket-engine 
characteristics  R  =  R(t)  and  m  =  m(t)  must  be  given.  The  calculation 
sequence  can.  In  this  case,  be  presented  In  the  following  form: 

1.  Let  us  assvime  the  Integration  Interval  At,  l.e.,  the  time  In¬ 
terval  In  which  the  values  of  the  trajectory  elements  will  be  derived 
by  calculation.  In  selecting  At  It  Is  necessary  to  bear  In  mind  that 
with  an  Increase  In  At  the  accuracy  of  the  calculation  diminishes,  and 
If  somewhat  too  low  values  of  At  are  selected  the  calculations  become 
extremely  cumbersome.  Generally,  for  the  active  phase  of  the  trajectory 
At  Is  assumed  to  be  equal  to 

At  =  0.001  -  0.01  sec., 
and  for  the  passive  phase  of  the  trajectory 

At  =  0. 1  -1.0  sec. 

2.  For  sake  of  simplicity,  let  Xq  =  yQ  =  0  and  Vq  =  Vgj^;  the  Ini¬ 
tial  setting  angle  Is  0q.  Further,  let  the  engine  be  operating  at  a 
constant  thrust  R  =  const,  so  that  the  mass  of  the  missile  changes  In 
accordance  with  the  following  function: 

where  hiq  Is  the  Initial  mass  of  the  missile;  Is  the  per-second 


A 


r 


propellant  flow  rate,  and  the  force  of  resistance  Is  given  In  the 
form  of  some  flight  velocity  function  X  =  X(M)  such  as,  for  example. 
In  the  form  of  a  graph  or  a  table. 

Given  these  Initial  conditions  and  missile  and  engine  character¬ 
istics,  after  At  the  missile  will  have  the  following  velocity: 

Wi  p«'+ Ao  -  Pcx+aVi, 


In  which  case 


hi. 


where 


Sq  Is  the  speed  of  sound  corresponding  to  a  flight  altitude  of  y^. 
The  angle  6  after  At  changes  by 

«C1 

and  amounts  to 

The  missile  will  be  at  a  point  having  the  following  coordinates 


*i-*x*+A*i-A*i, 

yi-yo+Ayi—Ayi, 

where 

Axi-(Ocs  cosfc)  A4 
Ayi-(Oes  sin  It)  At. 

3.  In  the  subsequent  time  Interval,  the  missile  velocity  will  In¬ 
crease  to 


where 


f^-tr,!+!Af^ 


a^  Is  the  speed  of  sound  corresponding  to  a  flight  altitude  of  y^. 
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The  angle  6  of  the  trajectox’y  will  change  by 


Ae,-— ££2ilLA/ 
*1 


and  will  amount  to 


The  missile  will  shift  to  the  point  having  the  following  coordin¬ 
ates  ; 

where  A«»=(oi  cosf,)  At; 

Ay»=  (Pi  sin  «i)  At. 


4.  As  a  result,  we  will  obtain  a  series  of  successive  points  1, 

2,  3« •  •  In  space  with  known  parameters  of  missile  motion  at  each  point 
(Pig.  6.44),  determined  In  their  totality  by  the  trajectory  of  the  mis¬ 
sile  flight. 

During  the  calculation  process,  there 
will  be  an  Instant  In  which  the  engine 
ceases  to  function.  The  corresponding 
point  A  determines  the  end  of  the  active 
flight  phase  and  establishes  the  missile 
parameters  for  the  end  of  the  active  phase. 

It  Is  Interesting  to  point  out  that 
If  prior  to  point  A  the  nature  of  the  tra¬ 
jectory  was  a  strong  function  of  the  para¬ 
meters  and  features  of  the  missile  engine, 
beyond  this  point  -  throughout  the  entire 
passive  phase  of  the  trajectory  -  the  nature  of  motion  Is  determined 
only  by  the  parameters  of  missile  motion  at  A  and  the  ballistic  co¬ 
efficient  of  the  missile.  This  makes  It  possible  to  calculate  In  ad- 


Plg.  6.44.  Calculation  of 
trajectory  by  means  of 
numerical  Integration  of 
equations  of  missile  mo¬ 
tion 
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vance  the  trajectory  elements  for  various  values  of  and  Cq,  re¬ 

ducing  the  calculation  result  Into  a  ballistic  table,  as  Is  the  wide¬ 
spread  practice  In  design  procedures. 


Fig.  6.45.  Calculation  diagram  for  tra¬ 
jectory  to  determine  trajectory  elements 
through  utilization  of  ballistic  tables. 
xv)  coordinates  of  the  end  of  the  ac- 

cL  cL 

tlve  trajectory  phase;  v. )  velocity  at 

cL 

the  end  of  the  active  trajectory  phase; 
e  )  the  angle  of  Inclination  of  the  tan- 

gent  to  the  trajectory  at  the  end  of  the 
active  phase. 

It  should  be  stipulated  that  the  tables  should  be  employed  for 

I 

the  calculation  not  of  the  entire  passive  phase  of  the  trajectory 
but  only  of  arc  AB  of  this  segment  (Plg.  6.45),  otherwise  It  being  Im¬ 
possible  to  generalize  the  calculation  results  for  missiles  having 
various  active  phases. 

The  segment  BM  should  be  calculated  separately  for  each  Individ¬ 
ual  case.  However,  as  a  rule,  this  Is  not  done  and  In  first  .approxi¬ 
mation  the  following  assumptions  are  made 

JC,. 

where  Vg  Is  the  velocity  at  point  B;  Vj^  Is  the  velocity  at  point  M. 

In  conclusion,  the  total  missile  flight  range  is  defined  as  the 


sum 


while  taking  Into  consideration 
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+ I|667  Xa, 


(6.71) 


where  x.  Is  obtained  as  a  result  of  the  numerical  Integration  of  the 

Ci 

active  trajectory  phase;  Is  taken  from  tables. 

The  maximum  trajectory  height  Is  defined  as 


(6.72) 


The  results  of  the  trajectory  calculation  by  the  method  of  numeri¬ 
cal  Integration  differ  subtantlally  from  the  case  In  which  the  sim¬ 
plified  system  of  equations  of  motion  was  employed,  where  the  effect 
of  aerodynamic  forces  was  neglected.  For  example,  the  flight  range 
may  amount  to  only  0.5  -  0.6,  the  trajectory  altitude  may  amount  to 
only  0.7  -  0.8,  the  distance  to  the  peak  of  the  trajectory  may  amount 
to  only  0.7  -  0.8,  and  the  velocity  at  the  target  may  amount  to  only 
0.3  —  0.4  of  the  values  for  the  corresponding  quantities  (X^^^, 

X  a  /2,...)  calculated  according  to  the  formulas  for  flight  In  airless 


space. 

For  contemporary  rocket  artillery  ,  requiring  Increased  firing 
accuracy.  It  Is  necessary  to  make  extensive  use  of  the  method  of  num¬ 
erical  Integration  of  the  equations  of  motion  which  make  It  possible 
to  carry  out  calculations  with  high  accuracy.  In  this  case,  the  dif¬ 
ficulty  In  carrying  out  these  calculatJ,ons  can  be  substantially  re¬ 
duced  through  the  use  of  computer  equipment. 


§8.  STABILIZATION  OF  MISSILE  ON  TRAJECTORY 


As  has  already  been  Indicated,  In  order  to  provide  for  firing  ac¬ 
curacy  against  the  target  the  missile  must  be  stabilized  along  Its 
trajectory.  This  means  that  measures  must  be  Implemented  In  order  to 
restrict  the  possible  deviations  of  the  missile  axis  from  the  dlrec- 
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tlon  of  the  tangent  to  the  trajectory. 

It  has  been  established  that  a  missile  can  be  stabilized  on  Its 
trajectory  either  by  the  Introduction  of  special  stabilization  ele¬ 
ments  Into  the  design  of  the  missile  -  tall  surfaces  (stabilizers)  - 
or  by  using  the  effect  of  gyroscopic  stability  (stabilization  through 
rotation).  Both  stabilization  methods  are  used  successfully  In  the 
practical  design  of  various  types  of  rocket  missiles 

Selection  of  Tall  Surfaces  which  will  provide  for  Stabilization  with 
the  Qlven  Stability  Margin 

The  Idea  of  stabilizing  rockets  by  means  of  tall  surfaces  Is 
based  on  the  following  property  of  bodies  moving  In  a  resisting  medium 
It  turns  out  that  such  a  body  moves  stably,  l.e..  Its  seeks  to  pre¬ 
serve  Its  Initial  orientation  during  Its  motion  only  In  the  case  In 
which  the  center  of  the  body's  gravity  Is  situated  In  front  of  the 
center  of  pressure.  And  conversely.  If  the  center  of  gravity  Is  sit¬ 
uated  behind  the  center  of  pressure,  the  position  of  the  body  on  the 
trajectory  becomes  unstable  and  upon  the  Interference  of  random  dis¬ 
turbances,  and  this  Interference  can  result  In  a  change  In  position. 
Let  the  center  of  gravity  of  a  missile  flying  along  a  certain  trajec¬ 
tory  be  situated  In  front  of  the  center  of  pressure  (Fig.  6.46),  and 
let  the  axis  of  the  missile  be  deflected  through  an  angle  a  (+  a) 
from  the  direction  of  the  tangent  to  the  trajectory  at  some  Instant 
of  time  under  the  action  of  a  random  disturbance.  We  can  see  from 
Pig.  6.46  that  In  this  case  there  will  appear  a  moment  of  aerodynamic 
forces  directed  against  the  direction  of  the  Increasing  angle  a,  l.e., 
seeking  to  return  the  missile  to  Its  Initial  position.  The  Initial 
position  of  the  missile  Is  stable  on  the  trajectory. 

Let  us  now  examine  the  motion  of  a  missile  whose  center  of  pres¬ 
sure  Is  situated  in  front  of  the  center  of  gravity  (Plg.  6.47).  From 
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the  diagrams  presented  In  this  figure  we  can  see  that  In  this  case, 
given  the  random  appearance  of  a  positive  or  negative  angle  of  at¬ 
tack,  there  will  appear  a  moment  which  seeks  to  Increase  the  angle  a, 

l.e.,  to  deflect  the  missile  even  fur¬ 
ther  from  Its  Initial  position.  In  this 
case,  the  missile  is  unstable  on  Its  tra¬ 
jectory. 

Thus  a  nonrotating  missile  Is  stable 
on  Its  trajectory  only  In  the  case  In 
which  the  center  of  missile  gravity  lies 
In  front  of  the  center  of  pressure.  The 
degree  of  stability  Is  a  function  of  the 
distance  e  between  the  above-mentioned 
two  points.  The  quantitative  measure  of 
stability  Is  generally  evaluated  In 
terms  of  the  stability  margin  day  which 
we  mean  the  ratio 

lOOH,  (6.73) 

where  e  =  x.  „  .  —  x. „  .  Is  the  eccen- 
ts.d  ts.t 

trlclty  of  the  missile;  Xj^  Is  the  length 
Is  the  length  of  the  missile  airframe. 

The  center  of  gravity  for  a  solid -propellant  rocket  missile  with¬ 
out  tall  surfaces  and  consisting  of  a  warhead  and  a  rocket  part  will 
be  situated  at  a  point  shifted  somewhat  forward  of  the  geometric  cen¬ 
ter  of  the  missile.  However,  the  center  of  missile  pressure  lies  some¬ 
where  In  the  vicinity  of  missile -warhead  gravity.  Thus  the  mutual  pos¬ 
itions  of  the  center  of  gravity  and  the  center  of  pressure  coincide  ex¬ 
actly  with  the  case  In  which  there  are  no  stability  properties  on  the 


Fig.  6.46.  Diagram  of  mu¬ 
tual  position  of  center 
of  gravity  and  center  of 
pressure  which  provide 
for  missile  stability 
(the  forward  position  of 
the  center  of  gravity  ' 
with  respect  to  the  cen¬ 
ter  of  pressure),  a)  In¬ 
itial  position  of  mis¬ 
sile  on  trajectory;  b) 
disturbed  position  of 
missile  on  trajectory 
Maerd^  aerodynamic  mo¬ 
ment;  l)  case  o  >  0. 
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trajectory,  so  that  a  rocket  missile 
without  tall  surfaces,  as  a  rule.  Is 
unstable  In  flight. 

For  the  stabilization  of  such  a 
missile.  It  Is  necessary  markedly  to 
shift  the  center  of  pressure  to  the 
rear,  behind  the  center  of  gravity. 

In  this  case.  If  the  missile  has  to 
have  a  stability  margin  of  the 
center  of!  pressure  must  be  shifted  to 
a  point  having  the  following  coordin¬ 
ate  : 

,  (6.74) 

We  know  from  mechanics  that  If 
there  Is  a  system  of  parallel  forces 
referred  to  some  resultant  force, 
then  with  the  addition  of  an  addition 
al  force  to  the  system, the  point  of 
application  of  this  new  resultant  shifts  toward  the  point  of  applica¬ 
tion  of  this  force  by  a  certain  definite  magnitude  proportional  to 
the  value  of  the  newly  applied  force.  In  accordance  with  this,  to 
shift  the  center  of  missile  pressure  backward  behind  the  center  of 
gravity  It  Is  necessary  for  additional  aerodynamic  forces  to  appear 
In  the  tall  portion  of  the  missile. 

It  is  well  known  that  In  terms  of  their  physical  nature  the  aero¬ 
dynamic  forces  represent  the  result  of  the  Interaction  between  the 
approaching  stream  and  those  surfaces  or  bodies  situated  In  this 

r 

stream.  Therefore,  to  shift  the  center  of  missile  pressure  backward 


Pig.  6.47*  Diagram  of  mutual 
position  of  center  of  gravi¬ 
ty  and  center  of  pressure 
resulting  In  missile  Insta¬ 
bility  (rear  position  of 
center  of  gravity  with  re¬ 
spect  to  center  of  pressure 
a)  Initial  poslton  of  mis¬ 
sile  on  trajectory;  b)  dis¬ 
turbed  position  of  missile 
on  trajectory;  l)  case 
a  >  0. 


-  356  - 


to  the  tall  portion,  stabilizers  are  employed  here  as  sources  for 
this  additional  force. 

Stabilizers  are  made,  as  a  rule.  In  the  form  of  thin  plates  and 
Installed  parallel  to  the  axes  of  the  missile  In  order  to  reduce  the 
drag  component  to  Its  absolute  minimum  In  the  Interaction  of  the  sta¬ 
bilizers  with  the  stream,  l.e.,  so  that  the  Introduction  of  the  sta¬ 
bilizers  Into  the  design  of  the  missile  shifts  the  center  of  missile 
pressure  In  the  required  direction  by  the  necessary  magnitude,  and 
If  possible  without  Increasing  the  total  resistance  of  the  missile. 

In  accordance  with  (6.45) 

'*“■*  Cyg  +  CyoM 


On  the  other  hand.  In  order  to  provide  for  missile  stabilization 
with  a  stability  margin  of  it  is  necessary  for  the  center  of 

pressure  to  be  situated  at  a  point  having  the  following  coordinate : 


Hence,  for  the  stabilization  of  the  given  solld-propellant  mis¬ 
sile  (x^g  Xj^,  x^g  ^  Cy  ^  ^  ^ )  It  Is  necessary  to  select  such 
tall  surfaces  for  the  missile  as  to  yield 


,  IjrcT  Cy KXB.ini  +  Cy  — (6.75) 

Cy,  +  Cy„ 

The  derived  equation  contains,  generally  speaking,  two  unknowns 
—  Cv  and  x.  _  .  however,  bearing  In  mind  that  the  tall  surfaces 
are  situated  In  the  rear  part  of  the  missile  and  the  position  of  the 
center  of  pressure  for  the  basic  types  of  stabilizers  Is  approximately 
known  (see  Pig.  6.34),  the  magnitude  of  x^g  ^  ^  can  be  assxaned  quite 
accurately,  so  that  (6.73)  will.  In  Its  capacity  as  an  unknovm,  con¬ 
tain  only  the  parameter  Cy  ^p. 

Taking  the  above  Into  consideration,  we  will  have 
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K«- 


+  "jJIq 

tyct 


In  first  approximation,  it  is  expedient  to  assume  x^^  d  o  ~ 
and  the  above-mentioned  relationship  lends  Itself  to  solution  and 
the  quantity  Cy  is  easily  determined: 


^fon — 


Kk‘ 


'ycT 


(6.76) 


where  Cy  is  calculated  in  accordance  with  (6.l6)  or  (6.19)  as  a  fun¬ 
ction  of  missile  flight  velocity;  x^^  ^  is  the  coordinate  of  the  cen¬ 
ter  of  missile  gravity,  determined  in  the  weight  calculation;  Xj^  is 
the  length  of  the  missile  airframe;  x^^  d  k  coordinate  of  the 

center  of  pressure  for  the  airframe  of  the  missile,  assximed  to  be 
equal  to  0.5  ^  for  M  <  1  and  calculated  with  (6.44),  if  the  missile 
exhibits  supersonic  velocity;  Is  the  given  stability  margin. 

Thus  in  order  to  stabilize  the  missile  with  a  stability  margin  of 
4^st^>  it  is  necessary  to  select  tall  surfaces  for  which  the  coeffi¬ 
cient  of  lift  would  coincide  with  (6.76).  The  geometric  dimensions 
of  such  tall  surfaces  can  be  determined  for  various  flight  velocities 
through  the  utilization  of  (6.13'),  (6.I8'),  and  (6.18").  In  first 
approximation  calculations  we  can  assume  an  elongation  X^p  =2.0  and 
for  sake  of  simplicity  we  can  examine  stabilizers  that  are  rectangu¬ 
lar  in  shape  in  the  in -plan  view.  After  a  rough  estimate  of  the  re¬ 
quired  tall -surface  dimensions,  the  initial  parameters  are  corrected 
and  the  final  calculations  are  carried  out  with  selection  of  the  op¬ 
timum  shape  for  the  stabilizer  fin  under  the  given  conditions. 


If  the  calculation  shows  that  the  required  tall  surfaces  are 
somewhat  too  large  with  respect  to  dimensions  and  therefore  unaccept - 
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Pig.  6.48.  Comparative  dimensions 
of  tall  surfaces  required  for  the 
stabilization  of  a  missile  for 
cases  of  various  position  distances 
from  coordinate  origin. 

able.  It  becomes  necessary  either  to  move  the  tall  surfaces  further 
back  along  the  tall  (or  even  behind  the  tall,  as  Is  shown  In  Pig. 

6.48),  or  to  Increase  the  number  of  stabilizer  fins,  or  to  undertake 
even  more  radical  means.  Including  the  entire  redesigning  of  the  ml^s- 
slle. 

On  the  other  hand,  cases  are  possible  In  which  the  designed  tall 
surfaces  for  the  version  In  which  the  stabilizers  are  positioned  at 
the  rear  have  Intolerably  small  dimensions.  In  these  cases,  the  tall 
surfaces  must  be  moved  forward  (Pig.  6.49).  The  final  solution  to 
the  problem  of  selecting  the  shape,  dimensions,  and  position  of  the 
tadl  surfaces  depends  on  the  results  obtained  In  wind-tunnel  tests  of 
a  missile  with  theoretically  calculated  tall  surfaces.  In  recent  times, 
wind-tunnel  experimentation  has  given  way.  In  a  n\imber  of  countries, 

to  free -flight  tests  or  tests  on  rock¬ 
et  sleds. 

Calculation  of  an  angle  for  nozzle 


A  missile  with  a  rear  center  of 

Pig.  6.49.  Missile  with  tall 

surfaces  shifted  forward  gravity  can  be  stabilized  on  Its  tra- 
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jectory  not  only  by  means  of  tall  surfaces,  thus  shifting  the  center 
of  pressure  behind  the  center  of  gravity  but  also  by  causing  the  mis¬ 
sile  to  rotate  about  Its  longitudinal  axis  with  a  certain  definite 
angular  velocity. 

Stabilization  by  means  of  rotation  Is  based  on  the  application 
of  the  so-called  gyroscopic  effect.  Let  us  examine  this  effect  on  the 
well-known  example  of  Its  appearance  In  the  case  of  a  spinning  top. 

We  know  that  for  bodies  having  a  small -support -base  area,  the  position 
of  vertical  equlllbrl'um  Is  unstable.  Such  a  body  need  be  deflected  on¬ 
ly  through  an  angle  a  at  which  the  resultant  of  the  gravity  forces 
no  longer  Intersects  the  support -base  area,  when  a  toppling  moment 
arises,  thus  forcing  the  body  out  of  Its  equilibrium  position;  the 
body  will  fall  as  a  result. 

The  vertical  position  of  the  top.  In  the  general  case.  Is  also 
unstable.  However,  If  the  top  Is  forced  to  spin  at  a  great  angular 
velocity  about  Its  longitudinal  axes,  forces  will  appear  to  prevent 
the  top  from  falling  as  It  moves  from  Its  position  of  vertical  equil¬ 
ibrium.  The  vertical  position  of  a  spinning  top  thus  seems  to  become 
stable.  The  random  disturbances  which  deflect  the  axis  of  the  top 
from  the  vertical  only  produce  the  additional  motion  of  the  top 's 
axis  about  the  Initial  direction  (Fig.  6.50).  In  gyroscope  theory, 
this  motion  Is  referred  to  as  the  precession  of  the  gyroscope  axis. 

The  conic  angle  a  of  the  precession  and  the  angular  velocity  cUp^  of 
the  precession  are  determined  by  the  magnitude  of  the  active  disturb¬ 
ance  (P  or  M^neshn^*  angular  velocity  cuq  of  rotation,  and  the 
geometric  characteristics  of  the  spinning  body.  All  other  conditions 
being  equal,  the  greater  cdq,  the  smaller  the  angle  o,  l.e.,  the  more 
stable  the  vertical  position  of  the  top. 

Let  us  now  compare  a  top  with  a  missile  moving  alorig  Its  trajec- 
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tory  and  rotating  at  a  velocity  cdq  about  Its  longitudinal  axis.  If 
the  center  of  pressure  Is  In  a  forward  position,  a  missile  of  this 
type  Is  much  like  the  top,  fixed  to  Its  trajectory  at  point  0  which 
coincides  with  the  center  of  missile  gravity  (Fig.  6. 51).  In  analogy 
with  the  example  of  the  top.  In  the  case  of  random  deflections  of  the 
missile  axis  from  Its  original  zero  position,  the  missile  seeks  not 
to  move  further  away  from  Its  Initial  position,  but  rather  It  seeks 
to  keep  that  position  constant.  In  this  case,  missile  axis  precession 
appears,  and  the  angular  amplitude  Is  given  by  the  magnitude  of  cDq, 
the  geometric  characteristics  of  the  missile,  and  the  magnitude  of 
the  external  disturbing  moment. 

The  property  of  gyroscopic  stability  appears  only  In  the  case  of 
sufficiently  great  angular  velocity  of  rotation.  In  first  approxima¬ 
tion  It  may  be  maintained  that  stability  will  be  guaranteed  If 


where  n  Is  the  number 


Pig.  6.50.  Diagram 
of  gyroscopic  stab¬ 
ility  of  top. 

longitudinal 

eucls  of  top;  0) 
support  point; 

point  of  ap¬ 
plication  of  dis¬ 
turbing  external 
force. 


(6-77) 

of  revolutions  of  the  rotating  body;  R  Is  the 
active  disturbing  force ;  e  Is  the  eccentricity 
of  the  missile;  Jp  and  are,  respectively,  the 
polar  and  equatorial  moments  of  Inertia. 

Taklixg  (6.77)  Into  consideration  we  find  that 
the  problem  of  missile  flight  stabilization  by 
means  of  rotation  consists  In  providing  for  the 
rotation  of  the  missile  over  the  entire  trajec¬ 
tory,  and  an  angular  velocity  not  lower  than  the 
corresponding  number  of  revolutions; 

'7".'  • 
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The  rotation  of  the  missile  about  Its  longitudinal  axis  Is  des¬ 
cribed  by  the  following  equation: 

where  the  active  stabilizing  moment  and  the  damping  momen'*'  of  resis¬ 
tance  enter  Into  2 

<P 

If  the  missile  Is  caused  to  rotate  by  means  of  nozzle -turbines, 
the  stabilizing  moment  acts  on  the  missile  only  during  the  active 
phase  of  the  trajectory,  for  which 

?  •urn 


since  the  moment  of  resistance  Is  generally  small  In  comparison  with 
Mst*  During  the  passive  phase,  =  0  and  the  equation  of  rotational 
motion  for  the  missile  Is  written  In  the  following  form: 


*inai*^** 


(6.79) 


We  can  see  that  during  the  passive  phase  of  the  trajectory  the 


angular  velocity  of  rotation  gradually  dlmenlshes  to  some  ou^  which 
corresponds  to  the  following  number  of  revolutions 


Hence,  to  provide  for  stability  over  the  entire  flight  trajectory 
It  Is  necessary  to  turn  the  missile  so  during  the  active  phase  that 
It  exhibits  the  following  to  the  end  of  the  flight: 


(6.80) 

The  required  for  this  at  the  end  of  the  active  phase  Is 

easily  fovind  from  (6.79)! 


j,f — A<;. 
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whence,  separating  the  variables,  we  will  obtain 


which  yields 


JvS^dt.  ' 


(6.81') 


The  relationship  between  and  time,  not  expressed  explicitly, 
makes  It  necessary  to  calculate  the  second  Integral  numerically: 


(6.81") 


where  the  summing  Is  carried  out  over  the  entire  At  Into  which  the 
time  Interval  t  —  t,  has  been  divided.  If  we  take  (6.8o)  Into  consl 
deration,  the  required  at  the  end  of  the  active  phase  Is  deter¬ 

mined  In  the  following  form: 


«  2 

30  J, 


(6.82) 


Assuming  that  we  can  employ  the 
following  approximate  equation  for  the 
active  phase  of  the  flight: 

we  will  find  the  required  moment 


Pig.  6.51.  Diagram  of  gy- 

roscoplc  missile  stability  " 

•  • 


The  quantity  Mg.j.  may  be  regarded  as  constant  for  the  entire  ac¬ 
tive  phase  of  the  trajectory.  However,  the  value  of  Jp  changes  as  a 
result  of  the  consumption  of  propellant.  Taking  this  Into  consldera- 
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I 


.At.j'i* 


(6.83*) 


or  In  a  form  convenient  for  numerical  calculation. 


(6.83") 


where  Is  computed  over  all  m  Intervals  of  At  Into  which  the 

flight  time  for  the  active  trajectory  phase  has  been  divided. 

Prom  (6.83")  the  required  stabilizing  moment  Is  determined  In 
the  following  form: 

Met— i  • 

which  with  consideration  of  (6.82)  yields 


Af„  = 


(6.84) 


y— A< 


Here  Jp  and  characterize  the  properties  of  the  missile  during 
the  passive  phase  of  the  trajectory,  and  Is  regarded  as  a  given 
aerodynamic  characteristic  of  the  missile,  so  that  the  values  of  (M'^p)^ 
for  any  Instajit  of  time  can  be  found  from  a  graph  or  table;  (Jp)^  Is 
calculated  for  various  points  of  the  active  phase  of  the  flight,  tak¬ 
ing  Into  consideration  the  gradual  burning  up  of  the  propellant. 

The  stabilizing  moment  Is  developed  as  a  result  of  the  engine - 
thrust  component  which  Is  directed  perpendicular  to  the  axis  of  the 
missile  and  which  appears  when  the  nozzle  outlet  Is  slanted  at  an  an¬ 
gle  to  the  axis  of  the  missile  (Pig.  6.52).  The  magnitude  of  this 


moment 


(6.85) 
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where  magnitude  of  thrust  referred  to  a  single  nozzle; 

n„  Is  the  number  of  nozzles;  d'/2  Is  the  arm  of  nozzle  position  with 
s 

respect  to  the  longitudinal  axis  of  the  missile;  Is  the  total 
thrust  developed  by  the  engine. 

From  (6.85)  the  required  angle  of 
nozzle  outlet  Is  defined  as 

<|i  t=arc  fin  •  (6.86) 

where  Is  calculated  In  accordance 
with  (6.84);  d'  Is  the  diameter  of  the 
circle  aroimd  which  the  nozzle  turbines 
have  been  positioned. 

With  this  nozzle  outlet  angle,  the 
turbine  develops  a  moment  adequate 
to  maintain  the  missile  stable  over  the 
entire  flight  trajectory. 

The  proposed  method  of  calculating 
the  required  nozzle  outlet  angle  In  the  case  of  turbo Ject  missiles  Is 
extremely  tentative,  since  the  reduction  of  missile  motion  to  the  ele¬ 
mentary  diagram  of  a  top  Is  a  rather  gross  approximation. 

§  9.  SCATTERINa  OP  UNGUIDED  MISSILES  OVER  TARGET  AREA.  CONCEPT  OP  FIR¬ 
ING  ACCURACY 

The  flight  trajectory  of  an  actual  missile  Is  always  somewhat 
different  from  a  theoretical  trajectory. 

A  missile  Is  made  Industrially  with  definite  dimensional  and 
weight  allowances;  In  conclusion,  the  ballistic  coefficients  of  in¬ 
dividual  missiles 

C,=-i22SL£_ 


Fig.  6.52.  Diagram  of  the 
appearance  of  the  stabil¬ 
ity  moment  In  the  case  of 
a  turbojet  missile 


-  365  - 


Pig.  6.53-  Regional  elements  of  target 
area  over  which  unaided  rocket  missiles 
are  scattered.  Probability  of  mis¬ 

sile  striking  1-th  point  along  x  axis 
of  scattering  region;  <t>  Tunctlon 

of  probability  distribution  of  missile 
striking  1-th  point  along  x  axis  of 
scattering  region;  probability  of 

missile  striking  1-th  point  along  t 
axis  of  scattering  region;  <I) 

function  of  probability  distribution  of 
missiles  striking  1-th  point  along  t 
axis  of  scattering  region;  l)  mlsslTe 
scattering  function  with  respect  to 
range;  2)  lateral  missile  scattering 
function 

differ  somewhat  from  one  another  and  amount  to 


Ci  Cttei^-f-ACh 


where  Is  the  true  ballistic  coefficient  of  the  missile;  Is 

the  theoretical  value  of  the  ballistic  coefficient;  Is  the  differ¬ 
ence  In  magnitude  between  the  ballistic  coefficient  and  Its  theoreti¬ 
cal  value. 

The  scattering  of  the  Interior  ballistic  parameters  for  each  In¬ 
dividual  engine  and  the  difference  In  weight  between  various  missiles 
leads  to  a  situation  In  which  the  missile  velocity  at  the  end  of  the 
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active  phase  of  the  flight  Is  not  Identical  for  the  various  missiles: 

(AV|Btz)i*'  (APaMx)Mop'i'A(AQMx)fc 

where  (^Vmay)t;pnT»  calculated  In  accordance  with  the  K.  E.  Tslolkov- 
skly  formula. 

Finally,  the  possible  eccentricity  or  distortion  of  the  reaction- 
force  vector  with  respect  to  the  longitudinal  axis  of  the  nozzle  and 
the  defects  In  the  mounting  of  the  stabilizers  on  the  missile  may  serve 
as  sources  resulting  In  the  additional  deflection  of  a  true  missile 
from  Its  theoretical  curve. 

An  Important  consequence  of  the  deflection  of  missile  flight  tra¬ 
jectories  from  the  theoretical  trajectories  Is  the  fact  that  the 
points  of  missile  Incidence  do  not  coincide  with  one  another  and  the 
calculated  point  M.  The  distribution  of  the  points  over  the  target 
area  about  point  M  Is  generally  referred  to  as  the  scattering  of  mis¬ 
siles.  It  has  been  established  that  the  scattering  of  ungulded  missiles 
Is  subject  to  a  number  of  quantitative  relationships:  all  of  the  points 
are  located  within  the  limits  of  the  so-called  scattering  ellipse  (Pig. 
6.53)*  and  in  this  case  It  becomes  possible  to  construct  a  curve  which 
characterizes,  for  example,  the  distribution  of  the  number  of  points 
of  Incidence  along  the  given  direction  of  the  scattering  ellipse.  This 
curve  coincides  with  the  classical  curve  from  the  theory  of  probability, 
said  curve  describing  the  normal  probability-distribution  function  for 
the  occurence  of  some  random  event  (for  example,  the  missiles  striking 
the  given  point  within  the  given  area).  The  points  A,  B,  C,  and  D 
which  coincide  with  the  ends  of  the  semiaxes  of  the  scattering  ellipse 
characterize  the  magnitude  of  the  maximum  probable  deviation  of  the 
points  of  missile  Incidence  from  the  point  M  with  respect  to  range  and 
lateral  direction.  It  Is  the  general  practice  to  denote  the  correspond- 
Ing  distances  as  follows: 


and  to  employ  the  range  and  lateral  direction  points  of  missile  In¬ 
cidence  as  the  maximum  deflection. 

We  can  discern  a  ractangular  region  within  the  scattering  ellipse 
within  which  limits  ~  50%  of  all  strikes  are  distributed.  In  evaluating 
the  effectiveness  of  the  firing,  generally  not  the  entire  scattering 
ellipse  Is  taken  Into  consideration,  but  precisely  this  region,  the  co¬ 
ordinates  of  whose  boundaries  are,  respectively,  referred  to  as  the 
probable  deviation  of  the  missile  from  the  target  In  terms  of  range 
and  In  terms  of  lateral  direction 

The  probable  deflection  Is  an  Inadequate  characteristic  of  scat¬ 
tering.  A  more  general  evaluation  of  scattering  Is  offered  by  the  di¬ 
mensionless  parameter 

BuBt 

X...  ’ 

referred  to  as  the  combat  or  firing  accuracy  of  missiles  with  respect 
to  range  (or  with  respect  to  side  direction). 

To  calculate  the  firing  accuracy.  It  Is  necessary  to  determine 
the  probable  deflection  with  respect  to  range  and  lateral  direction 
for  a  missile  of  any  given  design  and  known  firing  conditions. 

In  first  approximation,  for  this  purpose  we  can  use  the  simplified 
calculation  of  relationships  In  which  It  Is  assvimed  that  the  Individual 
factors  responsible  for  deflecting  a  missile  from  the  target  are  In- 
depent  In  their  effect  on  said  deflection  of  the  missile. 

Since  the  deviation  from  the  calculated  values  of  the  ballistic 
coefficient,  the  velocity  at  the  end  of  the  active  phase,  the  angle  of 
pitch  at  the  end  of  the  active  phase,  the  eccentricity  of  the  dis¬ 
tortion  of  the  reaction-force  vector,  and  the  defects  In  the  mounting 
of  stabilizers  on  the  missile  can  be  regarded  as  the  primary  factors 
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Fig.  6.5^.  Illustration  of 
concept  of  firing  accuracy 
and  grouping  l)  Close  group¬ 
ing;  2)  scattered  grouping 


responsible  for  the  scattering  of 
range  in  the  case  of  rocket  missiles 
with  tall  surfaces,  the  formula  for 


the  evaluation  of  of  a  missile 


with  tall  surfaces  can  be  presented 
in  the  following  form; 

(6.8? 

where  is  the  probable  deviation  of 
the  missile  from  the  calculated  point 
of  Impact,  with  respect  to  range;  Ax^ 
is  the  deviation  with  respect  to  range 
resulting  from  the  fact  that  the  bal¬ 
listic  coefficient  for  the  missile 


does  not  coincide  with  the  calculated  coefficient; 

Ci  * 


The  quantity  Ax_  is  generally  calculated  in  the  following  manner 
s 

where  hx/bC  characterizes  the  degree  to  which  the  magnitude  of  the 
ballistic  coefficient  exerts  Influence  on  the  flight  range;  Ax^  is 
the  deviation,  with  respect  to  range,  resulting  from  the  Inconstancy 
of  velocity  at  the  end  of  the  active  phase; 


Ax^,  AXp,  ^Qp  are,  respectively,  the  deviations  with  respect  to  range 
resulting  from  the  remaining  factors  which  affect  range. 

To  calculate  the  individual  components  of  Ax^  for  various  cases, 
we  can  employ  a  nximber  of  various  relationships.  These  relationships, 
as  a  rule,  are  derived  through  the  generalization  of  data  from  a  great 
number  of  monitoring  missile  launchings  and  these  relationships  are 
comparatively  simple  calculation  formulas  that  have  been  completed  by 


means  of  experimental  graphs  and  tables. 

An  estimate  of  the  mean-probable  deviation  of  a  missile  with  tall 
surfaces  in  the  lateral  direction  (along  the  OZ  axis)  can  be  carried 
out  in  accordance  with  the  following  formula; 

/  (A**)*' + (6.88) 
since  the  lateral  deviation  occurs  primarily  because  of  the  deviation 
of  the  missile  in  the  firing  plane  from  the  direction  of  Af  and  the 
errors  that  are  associated  with  the  direction  of  the  reaction-force 
vector,  as  well  as  with  the  fact  that  the  stabilizers  have  not  been 
moiinted  in  an  ideal  fashion  on  the  missile. 

For  the  specific  calculation  of  Az^,  and  Az^^,  we  employ  the 

empirical  calculation  relationships  and  the  statistical  data  from  ex¬ 
perimental  launching. 

Turbojet  missiles  do  not  have  any  tail  surfaces  and  are  charac¬ 
terized  by  the  fact  that  because  of  the  great  number  of  nozzles  the 
total  eccentricity  of  the  nozzle  assembly,  and  consequently,  the  ec¬ 
centricity  of  the  thrust  vector  Kj.,  are  virtually  equal  to  zero. 

In  this  connection,  for  such  missiles 

5,=|/(ax;)«+(ajc;)*+(ax;)»,  (6.89) 

where  Ax’^,  Ax’^,  and  Ax'^,  despite  the  similar  notation,  are  calcu¬ 
lated  in  accordance  with  formulas  that  are  different  from  the  formulas 
for  the  case  of  missiles  with  tail  surfaces,  although  even  these  may 
be  identical  in  form. 

The  cited  relationships  make  it  possible,  in  first  approximation, 
to  estimate  the  probable  deflections  and  firing  accuracy  (grouping)  of 
the  reaction-thrust  missiles  stabilized  by  means  of  tail  surfaces  or 
rotation  for  the  given  firing  conditions.  Finally,  the  scattering  and 
firing -accuracy  (grouping)  parameters  are  verified  through  firing -range 
tests  of  experimental  missile  models. 


In  conclusion,  we  should  turn  our  attention  to  the  difference 
between  the  concept  of  firing  accuracy  (grouping)  and  accuracy  (pre¬ 
cision).  The  difference  between  these  concepts  Is  clearly  shown  In 
the  diagrams  presented  In  Pig.  6.5^* 
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228  A  detailed  discussion  of  these  can  be  found,  for  exangjle. 

In  the  following  books:  A.  Lokk,  Upravlenlye  smarya,daml. 

IL  [Control  of  Missiles.  Foreign  Literature  Press],  1958. 

V. I.  Peodos'yev  and  G. B.  Slnyarev.  Vvedenlye  v  raketnuyu 
tekhnlku,  Oboronglz  [Introduction  Into  Rocket  Engineering, 
State  Defense  Industry  Press],  1956  etc. 

321  Detailed  tables  for  Pq  =  Pq  (m/Pq)  are  presented,  for 

exeunple.  In  the  book  by  N.  F.  Krasnov  "Aerodlnsunlka" 
[Aerodynamics,"  Part  2.  Certain  Problems  In  Applied  Aero¬ 
dynamics.  MVTU  Press  of  the  Moscow  Bauman  Higher  Technical 
School],  1954. 

334  The  problems  dealing  with  the  calculation  of  Instantaneous 

missile  characteristics  are  discussed  In  greater  detail, 
for  example.  In  the  book  by  N. P.  Krasnov  entitled  "Aero- 
dlnamlka"  [Part  2.  Certain  Problems  in  Applied  Aerodynamics. 
MVTU  Press],  1954. 

[Transliterated  Symbols] 

288  U.fl  =  ts.d  =  tsentr  davlenlya  =  center  of  pressure 

288  =  ts.d  =  tsentr  tyazhestl  =  center  of  gravity 

293  tg  =  teui 

~  ^dv  “  ^dvlzhenlye  “  ^motion 

294  ^conp  “  ^sopr  “  ^soprotlvlenlye  “  ^resistance 

297  =  ^tsll  ^  ^tslllndr  ^  ^cylinder 
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[List  of  Transliterated  Symbols  (Continued)] 


297 

299 

303 

303 

310 

310 

310 

310 

310 

310 

310 

310 

315 

315 

316 
334 
334 
334 
337 


^yc.KOH  ^us.kon  ^usechennyy  konus  ^truncated  cone 

P  t=  p  =  p  =  p 

CH  sn  snaryad  missile 

”  ^.ch  ~  ^oyeveya  chast’  “  ^warhead 


=  X 


'rocket  part 


^p.ti  “  ^r. ch  ^raketnya  chast* 

^on  ~  ^op  “  ^operenlye  “  ^tall  surfaces 
°cp  ~  °sr  “  “srednyaya  khordda  “  “middle  chord 
”  ^p  ~  ^perednaya  (kromka)  “  ^leading  (edge) 
^3  ”  ^2  ~  ^zadnaya  (kromka)  “  ^trailing  (edge) 
”  ^t  “  ^tolshchlna  “  ^thickness 
^CK  ~  ^sk  “  ^skos  ~  ^sweepback  angle 


b  =  b,_  =  b 

Kp 


kr  “  “koCTievaya  (khorda)  ”  “root  (chord) 


b  =  b 

KU 


kts 
=  s 


=  b 


'kontsevaya  (khorda)  “  “tip  (chord) 


6ok  ~  ®bok  %okovaya  (poverkhnost ' )  "  ®slde  (surface) 


^korpus  “  ^airframe 


“  ®m  "  ®mldel'  "  ®mldsectlon 

^3$  ~  ^ef  ”  ^effektlvnyy  “  ^effective 
^CT  ~  ^st  ~  ^^stablllzlruyusachly  “  ^stabilizing 
^fl3Mn$  “  ^dempf  ~  *®demprlruyushchly  “  ^dan?)lng 
np  “  pr  ~  programmlruyemyy  (polet) 


programmed  (flight) 


I 
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Chapter  7 

TESTS  OF  EXPERIMENTAL  MODELS  OF  ROCKET  MISSILES 
The  testing  of  experimental  models  of  rocket  missiles  Is  car¬ 
ried  out  by  each  planning  organization  In  accordance  with  Its  own 
program;  it  Is  therefore  impossible  to  speak  of  a  uniform  method  for 
the  carrying  out  of  such  tests;  moreover,  the  range  of  problems  asso¬ 
ciated  with  the  testing  of  rocket  missiles  Is  so  extensive  that  a 
separate  book  would  be  required  for  their  elucidation.  The  present 
chapter  gives  only  some  general  considerations  involved  In  the  test¬ 
ing  of  rocket  missiles. 

The  approximate  nature  of  the  theoretical  calculations  Into  which 
It  becomes  necessary  to  Introduce  various  simplifications  as  well  as 
to  employ  the  experimental  data  taken  from  similar  classes  of  missiles 
and  the  present  inability  to  use  theoretical  calculations  and  the 
fact  that  the  required  data  can  be  obtained  only  experimentally  makes 
It  necessary  for  the  missile  to  be  tested  and  checked  through  test- 
stand  firings  and  firing-range  lavinchlngs. 

§1.  STATIC  TESTS  OF  A  ROCKET  ENGINE 

The  design  of  a  missile  and  Its  engine  are  adjusted  during  the 
static  tests  In  accordance  with  the  requirements  Imposed  by  the  tact¬ 
ical-technical  designation  of  the  missile,  and  during  these  tests  the 
Igniter  and  powder  grains  are  selected  and  checked. 

The  successful  solution  of  these  problems  depends  primarily  on 
the  coincidence  of  the  Interior-ballistic  characterlsllcs  of  an  actual 
engine  and  those  of  the  engine  being  designed.  Therefore,  the  following 
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missile  characteristics  are  taken  during  the  static  tests: 

1)  the  pressure  curve; 

2)  the  reaction-force  curve; 

3)  the  total  reaction-force  impulse. 

Before  the  hot-flrlng  tests  are  carried  out,  any  engine  (we  have 
reference  here  to  the  shell)  must  of  necessity  be  checked  for  strength 
and  hermetic  sealing,  and  this  Is,  as  a  rule,  carried  out  In  a  special¬ 
ly  equipped  shop  of  the  production  plant.  The  engine  is  set  into  a  de¬ 
vice,  the  outlet  orifice  is  closed,  all  of  the  other  openings  are 
sealed,  and  then  water  under  pressure  greater  than  the  maximum  theo¬ 
retical  pressure  produced  by  the  combustion  gases  from  the  chamber  Is 
fed  through  the  engine.  The  engine  Is  kept  xinder  this  pressure  for  a 
certain  period  of  time  in  order  to  enable  all  of  the  destructive  pro¬ 
cesses  which  may  possibly  be  attributed  to  the  effect  of  pressure  to 
make  themselves  felt. 

After  the  pressure  Is  reduced,  the  engine  Is  carefully  checked 
and  If  no  failures  of  the  structure  are  observed,  the  hermetic  seal¬ 
ing  of  the  engine  Is  checked,  and  this  Is  generally  carried  out  by 
employing  the  same  device  as  was  used  for  strength  tests.  The  method 
used  to  test  hermetic  sealing  were  somewhat  different.  It  Is  not  water 
that  Is  fed  Into  the  chamber,  but  air  or  kerosene.  It  Is  Impossible  to 
test  an  engine  for  strength  with  air,  since  In  the  case  of  engine  fail¬ 
ure  the  effect  would  be  similar  to  that  of  an  explosion,  whereas  a  li¬ 
quid  can  burst  only  a  portion  of  a  weak  structure,  or  penetrate  a  weak 
spot,  which  of  course  is  very  much  safer. 

With  the  use  of  air  (In  the  case  of  small  volvimes)  hermetic  seal¬ 
ing  is  checked  by  Immersing  the  engine  In  water  or  covering  Its  outer 
surface  with  a  soapy  solution.  In  either  case,  the  air  bubbles  which 
form  Indicate  the  degree  of  the  hermetic  sealing  of  the  structure. 
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Hermetic -sealing  tests  are  generally  carried  out  under  a  pressure 
equal  to  the  maximum  magnitude  of  the  theoretical  pressure  to  be  pro¬ 
duced  In  the  combustion  chamber. 

An  engine  having  passed  the  above -described  production  tests  can 
be  used  for  the  subsequent  static  operations. 

The  pressure  curve  Is  generally  taken  by  means  of  sensing  elements 
and  oscillographs  of  various  designs.  The  records  can  be  obtained,  for 
example,  by  means  of  an  aneroid  sensing  element  and  a  tensometric  os¬ 
cillograph  (Pig.  7*l)»  An  Installation  assembled  In  this  manner  func¬ 
tions  as  follows.  The  pressure  of  the  exhaust  gases  Is  transmitted  to 
the  sensing  element  3  through  the  tubing  2.  Here  a  change  in  pressure 
Is  recorded  by  the  sensing  element  4  -  an  aneroid  chamber  -  (Fig.  7«2), 
which  Is  connected  to  the  potentiometer  5  which  changes  the  resistance 
of  the  electric  circuit.  This  change  In  resistance  produces  a  pulse 
that  Is  transmitted  to  the  oscillograph  where  the  change  in  pressure 
with  time  Is  recorded  on  a  special  paper  tape.  The  tape  with  Its  re¬ 
cording  Is  processed  In  a  photography  dark  room  and  the  pressure  curve 
is  obtained  (Pig.  7«3)»  and  the  beginning  of  engine  operation  (the 
point  at  which  the  curve  rises  above  the  zero  level)  and  the  end  of 
engine  operation  are  noted  on  this  curve. 

On  the  basis  of  these  extreme  points  and  the  calibrated  graph  It 
Is  possible  to  carry  out  an  analysis  of  engine  operation.  For  exsunple, 
the  time  of  engine  operation  Is  calculated  from  the  line  of  time  mark¬ 
ing  1.  In  proceeding  from  point  A  on  the  pressure  curve  of  Interest  to 
us  to  the  origin  we  count  20  peaks,  and  we  know  (from  the  oscillograph 
scale)  that  each  peak  Is  equal  to  1/20  sec;  consequently,  the  time  Is 
1/20  X  20  =  1  sec. 

The  magnitude  of  pressure  at,  for  example,  this  saune  point  A  Is 
determined  as  simply.  For  this,  the  distance  from  the  zero  level  to 
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point  A  on  the  pressure  curve  is  measured  on  the  oscillogram  and  the 
magnitude  of  the  pressure  at  point  A  Is  determined  by  carrying  out 
measurements  further  along  the  calibrated  graph. 

The  calibrated  graph  Is  constructed  In  the  following  manner.  In  th< 
Installation  employed  for  the  measuring  of  pressure.  Instead  of  the 
engine,  a  press  Is  connected  to  the  sensing  element.  Then  the  sensing 
element  Is  subjected  to  step-wise  pressure  Increases  such  as  10,  20 
and  30  atm,  etc.,  and  each  pressure  Increase  is  recorded  by  the  oscil¬ 
lograph  on  paper.  Subsequently  a  graph  Is  constructed  with  the  distance 
between  the  zero  line  and  the  pressure  line  plotted  along  one  axis  and 
the  magnitude  of  pressure  plotted  along  the  other  axis.  The  pressure 
curve  can,  of  course,  be  obtained  In  such  other  ways  as,  for  example, 
by  means  of  a  loop  oscillograph  and  the  sensing  unit  of  a  deformation 
measuring  device. 


The  thrust  characteristics  of  the 
engine  are  obtained  on  specially  e- 
quipped  test  stands.  Here  the  engine 
Is  fastened  onto  a  moving  cradle  (Fig. 


Pig.  7.1.  Diagram  of  Instal¬ 
lation  for  determination  of 
pressure  curve.  1)  Engine 
being  tested;  2)  tubing 
through  which  gas  Is  fed  from 
engine  to  sensing  element;  3) 
aneroid  sensing  elements;  4) 
cable;  5)  attachment;  6)  os¬ 
cillograph. 


7.4)  from  which  the  force  developed 
by  the  engine  Is  transmitted  to  a  re¬ 
ceiving  device.  A  dynamometer  (Pig.  7.. 
can  serve  as  such  a  receiving  device. 
The  operating  principle  of  such 


a  unit  Is  quite  simple.  The  force 

from  the  engine  Is  transmitted  from  the  cradle  of  the  test -stand  In 


stallatlon  through  the  coupling  rod  to  the  dynamometer  where  It  Is 


transformed  Into  pressure  whose  magnitude  Is  Indicated  by  the  mano¬ 


meter  that  is  connected  to  the  dynamometer.  The  dynamometer  Is  cali¬ 


brated  prior  to  the  test,  l.e.,  regularly  Increasing  loads  are  applied 
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to  the  coupling  rod:  500,  1000  kg,  etc.,  and  the 
corresponding  manometer  readings  are  marked.  In 
accordance  with  the  derived  data  It  becomes  pos¬ 
sible  to  construct  a  calibrated  graph  -  the  loads 
on  the  coupling  rod.  In  kilograms,  are  plotted 
along  one  axis,  and  the  manometer  readings.  In 
atmospheres,  are  plotted  along  the  other  axis. 


Pig.  7*  2.  Basic 
circuit  of  sens- 
slng  element,  l) 
Wiper  rodj  2)  re¬ 
turn  spring;  3) 
t ran sml s s Ion -In - 
strument  multi¬ 
plier;  4)  sensing 
mechanism;  5)  po¬ 
tentiometer. 


In  addition  to  test -stand  Installations  e- 
qulpped  with  dynamometers,  engine  thrust  Is  also 
measured  on  test-stand  Installations  equipped 
with  rotind  scales  to  which  the  thrust  developed 


by  the  engine  Is  transmitted  from  the  cradle  by  means  of  a  special  le¬ 


ver  system. 


Pig.  7* 3*  Pressure  curve  recorded  on 
paper  tape  by  means  of  oscillograph, 
l)  Time  mark;  2)  zero  level;  3)  pres¬ 
sure  curve;  A)  beginning  of  operation 
B)  end  of  operation 


To  derive  the  magnitude  of  the  total  reaction -force  impulse,  we 
frequently  employ  the  graph  for  the  change  in  thrust  developed  by  the 
engine  with  respect  to  time. 

In  the  case  of  engines  that  are  In  operation  for  long  periods  of 
time,  this  graph  can  be  constructed  on  the  basis  of  the  points  measured 
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at  definite  Intervals  of  engine - 
operating  time,  and  the  construc¬ 
tion  of  this  graph  can  be  carried 
out  In  accordance  with  one  of  the 
methods  described  above.  However, 

Pig.  7.4.  Simplified  diagram  of  this  method  for  obtaining  the  re¬ 
testing  Installation,  l)  Rock¬ 
ing  cradle  2)  dynamometer;  3)  action-force  curve  yields  extremely 

dynamometer  coupling  rod; 

4)  engine  being  tested.  approximate  results.  It  Is  prefer¬ 

able  to  write  this  curve  automatically.  For  this  purpose  we  can  use  a 
test -stand  Installation  equipped  with  a  dynamometer. 

Instead  of  manometers,  the  sensing  element  employed  to  detect  the 
pressure  Is  connected  to  the  dynamometer  and  the  operation  Is  then 
carried  out  In  the  same  manner  as  the  derivation  of  the  pressure  curve. 
The  only  difference  here  Is  In  the  calibration  of  the  sensing  element. 

In  this  case,  the  calibration  Is  carried  out  by  applying  step-wise 
loads  such  as,  for  example,  500,  1000  kg,  etc.,  to  the  dynamometer. 


Pig.  7.5.  Diagram  of  dy¬ 
namometer  1)  Frame  of 
dynamometer;  2)  flexible 

5  adding;  3)  frame  lid; 

)  oil;  A)  to  manometer; 
b)  coupling  rod  to  stand 


and  each  Increase  Is  marked  by  means  of 
an  oscillograph.  Thus  the  calibrated  graph 
Is  constructed  In  the  following  coordinates: 
the  distance  of  the  reaction -force  curve 
from  zero  level,  l.e.,  force  In  kg.i 

The  total  Impulse  csui  be  obtained  by 
Integrating  the  reaction-force  curves  that 
have  been  derived  by  means  of  the  oscillo¬ 
graph,  with  this  curve  scaled  down  to  mil¬ 
limeter  graph  paper;  then  the  area  beneath 
this  curve  Is  calculated  either  by  means 


a  planlmeter  or  by  means  of  counting  the  boxes  on  this  millimeter  graph 


paper  contained  within  the  react Ion -force  curve. 
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To  obtain  the  magnitude  of  Impulse  directly.  It  Is  necessary  to 

multiply  the  computed  area  by  a  scale.  For  example,  the  area  calcula- 

2 

ted  according  to  boxes  Is  equal  to  2000  mm  ,  and  we  know  that  1  mm 
along  the  axis  of  ordinates  corresponds  to  5  kg  of  thrust,  and  1  mm 
along  the  axis  of  abclssas  relates  to  2  seconds  of  engine  opera¬ 
tion.  Then  the  magnitude  of  the  Impulse  will  be  equal  to 

J  =  2000  (1/5*2)  =  200  kg- sec. 

In  certain  cases.  If  necessary,  additional  tests  of  the  missile's 
combustion  chamber  are  carried  out,  and  the  following  determinations, 
for  example,  are  made: 

1)  the  powder  burning  rate, In  various  sections  of  the  chamber; 

2)  the  heat  losses  In  the  combustion  chamber; 

3)  the  eccentricity  of  the  reaction  force,  etc. 

We  will  dwell  In  some  detail  on  the  most  Interesting  tests  -  the 
determination  of  the  powder  burning  rate.  For  this  purpose  a  combus¬ 
tion  chamber  made  of  special  transparent  material  Is  fabricated,  and 
this  chamber  has  an  Inside  profile  that  Is  Identical  to  the  combustion 
chamber  being  designed.  Powder  grains  selected  for  the  engine  being 
designed  are  burned  In  this  chamber.  The  process  of  burning  the  grains 
Is  recorded  on  film  by  means  of  a  motion -picture  camera.  Since  the 
filming  rate  Is  known,  the  film  can  be  used  to  determine  the  burning 
rate  for  the  powder. 

In  the  case  of  an  engine  In  operation  for  long  periods  of  time, 
the  powder  burning  rate  can  be  determined  In  a  simpler  mauiner,  l.e., 
by  burning  the  powder  and  Interrupting  the  burning.  Of  course,  here 
as  well  as  In  the  previous  case.  It  Is  necessary  to  have  a  special 
chamber.  However,  this  chamber  differs  from  a  conventional  chamber 
only  In  that  a  device  to  eject  the  charge  from  combustion  chamber  Is 
Installed  In  the  engines  used  for  the  measurement  of  the  burning  rate. 
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The  rate  Is  measured  directly  In  the  following  manner.  A  second-timer 
Is  connected  and  synchronized  with  the  engine  start.  Upon  completion 
of  an  earlier  set  time,  this  device  Is  actuated  and  the  powder  charge 
Is  ejected  from  the  combustion  chamber  Into  some  space  (a  barrel,  a 
tank,  etc.)  filled  with  water.  The  extinguished  powder  grains  are 
measured. 

This  operation  Is  repeated  several  times.  Increasing  the  time  In¬ 
tervals  for  the  burning  each  time,  and  each  time  the  extinguished 
grain  Is  measured.  The  obtained  results  are  evaluated  and  the  powder¬ 
burning  rate  Is  thus  determined. 

Thorough  experimental  investigations  of  the  operation  of  a  solid- 
propellant  engine  make  It  possible  to  coordinate  the  theory  of  solid- 
propellant  rocket  missiles  with  experiment  and  to  refine  the  basic 
parameters  required  for  the  remaining  calculations. 

It  should  be  pointed  out  that  combustion  chaunbers  from  regular 
rocket  missiles  can  sometimes  be  employed  as  the  experimental  chambers 
In  static  tests,  and  holes  can  be  drilled  and  connection  pipes  welded 
to  the  walls  of  such  chambers.  But  as  a  rule,  special  thick -walled 
chambers  are  used  for  these  tasks,  since  such  chambers  make  It  possi¬ 
ble  to  vindertake  repeated  starts.  Such  chambers  are  equipped  with  dia¬ 
phragms  of  various  designs,  as  well  as  with  an  assembly  of  nozzles 
having  various  throat  diameters  and  various  outlet  shapes;  here. 

If  only  the  pressure  In  the  chamber  Is  being  Investigated  (rather  than 
the  reaction  force).  It  Is  possible  to  use  a  nozzle  without  a  diverg¬ 
ing  outlet  section  -  the  so-called  eyelet  nozzle. 

The  combustion  chamber  Is  prepared  for  the  test  In  the  following 
manner.  A  nozzle  with  a  definite  dj^  corresponding  to  the  given  charg¬ 
ing  conditions  and  the  anticipated  calculated  pressure  Is  selected. 
Then,  a  weighed  specimen  of  an  Igniter  Is  selected  and  charged  Into 


-  379  - 


the  combustion  chamber;  all  of  the  Instruments  are  mounted  and  the 
final  completed  assembly  Is  Installed  on  the  test  stand.  After  a  check 
of  the  readiness  of  the  system,  the  engine  Is  started  on  the  stand 
and  the  appropriate  readings  for  the  subsequent  evaluation  are  taken. 

Up  to  this  point  we  have  described  static  tests  for  elements  of 
interior  ballistics,  but  the  test-stand  conditions  can  also  be  employed 
to  carry  out  tests  for  elements  of  the  exterior  ballistics. 

The  most  common  method  of  deriving  the  aerodynamic  characteristics 
Is  the  testing  of  missile  models  or  actual  missiles  In  wind  tunnels. 

In  essence,  this  Is  a  structure  that  consists  of  a  tube  through  which 
a  blower  accelerates  air.  The  object  being  tested  (or  a  model  of  this 
object)  -  depending  on  the  dimensions  of  the  tube  -  Is  mounted 
in  the  tube  In  such  a  fashion  as  to  become  Immobile,  and  thus  the 

wind  tunnel  reflects  a  situation  that  is  opposite  to  that  actually  en- 
coiontered  In  the  flight  of  a  missile  through  the  air,  but  which,  of 
course,  produces  no  change  whatsoever  In  the  aerodynamic  characteris¬ 
tics. 

At  the  same  time,  the  fact  that  the  object  being  tested  Is  Im¬ 
mobile  is  convenient  from  the  standpoint  of  employing  measuring  de¬ 
vices  whose  measurement  accuracy  Is  substantially  higher  than  It 
would  be  In  the  case  of  Instruments  used  with  a  body  moving  with  res¬ 
pect  to  a  fixed  medium  (for  example,  air). 

Moreover,  the  possibility  of  creating  an  artificial  stream  of 
air  makes  It  possible  to  select  the  conditions  for  the  experiment  so 
as  to  more  closely  approximate  the  actual  conditions  of  missile 
flight.  Since  missile  flight  under  actual  conditions  takes  place  In  a 
fixed  undisturbed  medl\im  such  as  air.  It  Is  necessary  to  create  simi¬ 
lar  conditions  In  the  wind  tunnel.  If  the  missile  Is  simply  mounted 
on  a  support  that  Is  not  fixed  In  place,  and  with  a  blower  to  dl- 
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Pig.  7.6.  Diagram  of  wind  tunnel 

rect  a  stream  of  air  against  the  missile,  the  streaun  In  this  case 
would  develop  considerable  turbulence  beyond  the  blower  and  exhibit  a 
variable  velocity  both  In  terms  of  magnitude  as  well  as  In  terms  of 
direction.  In  addition,  the  stream  would  also  be  subject  to  strong 
pulsations.  All  of  these  shortcomings  have  gradually  been  eliminated 
In  the  design  of  wind  tunnels  and  at  the  present  time  a  wind  tunnel  Is 
a  complex  and  highly  refined  mechanism  which  can  reproduce  extremely 
accurately  the  disposition  and  magnitude  of  aerodynamic  forces  on  a 
body  flying  through  the  air. 

Figure  7.6  shows  the  diagram  of  a  wind  tunnel.  Structurally,  this 
wind  tunnel  Is  a  closed  circuit  with  an  open  working  section.  The  air 
passes  from  the  working  section  -  the  narrowest  portion  of  the  tunnel  - 
to  an  expanding  receiver  attachment.  Beyond  the  receiver  fitting  (dif¬ 
fuser),  there  Is  a  cylindrical  liner  which  contains  the  blower.  Beyond 
the  blower,  the  stream  of  air  changes  Its  direction  of  motion  through  an 
angle  of  90°  and  flows  through  the  so-called  first  bend  In  the  tube. 
Subsequently,  the  air  passes  through  the  second  and  third  bends  of  the 
tube,  each  of  which  Involves  a  90°  turn,  and  the  air  then  enters  Into 
the  forward  chamber  -  the  widest  portion  of  the  tube  (tunnel).  Here 
we  have  a  rectification  grid  and  a  fitting  which  compress  the  stream  and 
accelerate  it.  In  order  to  reduce  losses,  special  shaped  blades  have 
been  installed  in  each  of  the  turns. 
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By  testing  a  missile  In  a  wind  tunnel  It  Is  possible  to  determine 
the  coefficient  C  of  frontal  resistance,  the  position  of  the  center 
of  pressure,  the  coefficient  C  of  lift,  etc. 

§2.  FIRING -RANGE  TESTS  OF  ROCKET  MISSILES 

After  completion  of  the  static  tests  of  the  missile,  firing -range 
tests  are  carried  out.  Here,  as  a  rule,  the  flight  of  a  missile  over 
the  Initial  section  of  the  trajectory  Is  first  checked,  l.e.,  the  cor¬ 
rectness  of  the  manner  In  which  the  missile  Is  made  to  leave  Its 
launching  Installation  and  Its  entry  Into  the  given  trajectory,  as 
well  as  the  correspondence  between  the  magnitudes  of  calculated  and 
actual  Initial  velocity  of  missile  motion  over  the  trajectory.  Then 
the  over-all  flight  range  of  the  missile  Is  checked,  and  finally,  the 
effectiveness  of  the  missile  Is  Investigated  In  the  following  manner. 
Firing-Accuracy  Tests  of  Rocket  Missiles 

Firing -accuracy  (grouping)  tests  are  carried  out  with  Individual 
shots  Into  the  target  area  or  according  to  a  screen,  over  the  entire 
effective  range  of  the  launching  Installation,  both  In  the  vertical 
and  horizontal  planes. 

The  coordinates . of  the  points  of  Incidence  (explosion)  of  the 
missile  at  the  target  area  can  be  determined  In  two  ways: 

directly,  by  measuring  with  a  measuring  tape  and  by  marking  the 
direction;  the  accuracy  of  the  measurement  must  not  be  lower  than  1  mm; 

by  a  trlangulatlon  method  Involving  the  use  of  optical  Instru¬ 
ments. 

In  fire  against  a  shell-hole  screen,  the  shell-hole  coordin¬ 
ates  (1,  2,  3,  etc. )  are  taken  from  a  coordinate  grid  plotted  onto 
the  screen  before  the  firing  (Fig.  7*7)* 

The  results  obtained  In  the  firing  are  evaluated  In  accordance 
with  following  formulas: 
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Fig.  7* 7*  Appearance  of 
shell-hole  screen  after 
evaluation 


I." 


I' 


where  Xq  and  Zq  are  the  coordinates  of  the 
central  point  of  Incidence j  and  are 
coordinates  of  the  points-  of  Incidence  for 
Individual  missiles;  n  Is  the  number  of 
shots  counted. 

The  coordinates  of  the  points  of  mis¬ 
sile  explosions  obtained  In  the  control 
group  of  shots  makes  It  possible  to  evalu¬ 
ate  the  probable  deviation  of  the  missile 


In  terms  of  lateral  direction  and  range,  and  these  are  calculated  as 
follows : 


»«»0.6745 


— irh - • 


».«0.6745 


where  b^  Is  the  probable  lateral  deviation;  b^  Is  the  probable  devia¬ 
tion  with  respect  to  range. 

With  known  firing  range  x,  missile  firing  accuracy  In  terms  of 
lateral  direction  and  range  will,  respectively,  be  equal  to  (b^^/x)  and 

(tjj/x). 


The  obtained  firing  accuracy  must  correspond  to  that  set  In  the 
tactical -technical  requirements. 

With  great  divergence  of  a  missile  from  the  group  with  respect  to 
range  and  lateral  direction.  If  It  Is  established  that  the  factor  res¬ 
ponsible  for  this  divergence  Is  unsatisfactory  quality  of  stabilizer 
fabrication  or  nonnormal  engine  operation,  the  shot  Is  not  counted. 
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The  scattering  magnitude  should  be  determined  only  from  results 
of  valid  measurements,  and  here  only  a  single  shot  may  be  classified 
as  valid.  An  Invalid  measurement  Is  generally  one  which  deviates  from 
the  arlthematlc  mean  by  more  than  four  mean-probable  deviations  cal¬ 
culated  from  the  given  group  of  measurements. 

The  above -cited  sequence  of  calculating  firing  accuracy  Is  use¬ 
ful  for  firing  both  at  a  target  area  as  well  as  firing  against 
a  screen,  but  In  the  latter  case  the  calculation  Is  simplified  some¬ 
what  because  here  the  coordinates  Xq  and  Zq  are  the  coordinates  of  the 
sighting  points  Indicated  in  the  center  of  the  screen. 

The  shell-hole  coordinates  are  measured  from  the  sighting  point 
after  each  shot  by  means  of a  unique  surveying  rod  or  by  means  of  an 
optical  viewing  device. 

Determination  of  Demolition  Effect  of  Rocket  Missiles  by  Means  of 
Underground  Explosions  and  Firing  at  Target  Area 

The  demolition  effect  of  a  missile  Is  tested  on  a  firing  range, 
as  a  rule.  In  two  stages.  The  first  stage  Involves  the  static  explos¬ 
ion  of  the  weapon  beneath  the  soil  at  various  depths;  the  second  stage 
Involves  the  actual  firing  of  the  missile  against  obstacles  In  the 
target  area. 

In  accordance  with  their  tactical -technical  designation,  demoli¬ 
tion  missiles  are  generally  Intended  for  action  against  structures 
and  enemy  fortifications;  however.  It  has  been  demonstrated  In  prac¬ 
tice  that  the  effectiveness  of  their  force  can  be  evaluated  on  the 
basis  of  the  dimensions  of  the  craters  produced  by  a  demolition  missile 
In  the  soil,  regardless  of  the  nature  and  strength  of  the  target. 

Therefore,  the  demolition  effect  Is  estimated  on  the  basis  of 
the  missile 's  action  In  the  ground,  thus  substantially  simplifying 
the  analysis  of  the  demolition  effect,  the  systematization  of  the  ex- 
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perimsntal  material,  and  the  methods  employed  for  the  verification 
tests. 

Test  Involving  the  underground  explosions  can  be  reduced  to  the 
following  :a  vertically  positioned  missile  Is  exploded  beneath  the  groun 
at  various  depths  and  the  crater  formed  In  this  case  Is  measured.  As 
a  result  of  soil  nonunlformltes  and  the  asymmetries  of  the  missile  and 
the  explosive  charge,  the  craters  as  a  rule  exhibit  rather  Irregular 
shapes. . 

In  firing-range  practice  a  crater  Is  generally  assumed  to  have  the 
shape  of  a  simple  truncated  cone  whose  larger  base  Is  flush  with  the 
surface  of  the  ground. 

The  demolition  effect  of  missiles  is  measured  by  the  absolute  vol¬ 
ume  of  the  crater  or  by  the  volume  of  the  explosive  charge,  referred  to 
Its  weight;  In  this  case.  It  Is  clear  that  the  volume  and  shape  of  the 
crater  produced  In  the  explosion  are  single -valued  functions  of  the 
weight  and  quality  of  the  explosive  charge  on  the  one  hand,  and  unique 
functions  of  missile  geometry,  depth  of  explosion,  and  soil  properties 
on  the  other  hand.  One  of  the  goals  in  these  static  explosions  of  weapo: 
Is  the  determination  of  the  optimum  depth  of  warhead  explosion.  During 
static  tests,  the  weapons  are  exploded  by  means  of  a  special  electric 
detonating  machine  housed  In  a  reinforced  bunker  situated  In  a  safety 
area.  The  crater  produced  by  the  explosion  Is  measured  by  means  of 
special  surveying  and  marker  rods. 

In  the  second  stage  of  the  firing-range  test  of  the  combat  effectl- 
ness  of  a  demolition  missile,  the  effect  of  the  missile  against  the 
ground  and  structures  Is  tested;  in  this  case,  one  of  the  most  Importan* 
tasks  In  these  firings  Is  the  verification  of  the  agreement  between  th« 
fuse  time  lag  for  the  optimum  depth  of  missile  explosion  determined 
during  the  static  tests. 
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The  ahortcomlngs  In  missile  designs,  engine  operation,  etc., 
brought  out  during  the  firing-range  tests,  are  eliminated  during  the 
subsequent  adjustment  of  the  weapon. 

Determination  of  Fragmentation  Effect  of  Rocket  Missiles 

The  combat  effectiveness  of  a  fragmentation  missile  Is  determined 
by  two  parameters:  the  number  and  weight  characteristics  of  the  frag¬ 
ments  and  the  range  over  which  the  effectiveness  of  these  fragments 
Is  preserved. 

The  n\imber  of  fragments  formed  In  the  explosion  of  a  weapon,  and 
the  distribution  of  these  fragments  In  terms  of  weight,  can  be  deter¬ 
mined  by  the  method  of  static  explosions  In  a  protected  pit  which  Is 
a  structure  made  of  reinforced -concrete  walls  filled  with  sand.  There 
Is  a  well  In  the  central  part  of  this  pit  Into  which  the  specimen  to 
be  exploded  Is  Inserted.  The  entire  structure  Is  covered  with  a  mas¬ 
sive  covering  plate.  This  protected  pit  Is  situated  In  a  special  ditch 
or  In  an  underground  labyrinth. 


s:  s '  s 

jS' 


Fig.  7.8.  Complex  of  Industrial  (technical) 
structures  at  Holloman.  1)  Shelter;  2)  hous¬ 
ing  for  adjustment  and  preparation  of  rocket 
engines;  3}  Informat Ion -gathering  point;  4) 
assembly  shop;  5)  repair  shop;  6)  test  stand; 
7)  lavinchlng  pad;  8)  35  distributor  panels; 

9)  70  supports  for  mounting  of  equipment;  10) 
photography  Intallatlon;  11)  photomonitoring 
Installation;  12)  track. 
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The  model  of  the  weapon  to  be  tested  Is  lowered  Into  the  well  of 
the  test  pit  and  exploded.  The  fragments  that  are  foimed  as  a  result 
of  the  explosion  scatter  Into  the  surrounding  sand,  and  here  the 
strength  of  the  pit  walls  Is  such  as  to  prevent  even  a  single  frag¬ 
ment  from  flying  out  beyond  the  pit.  After  the  explosion,  the  walls 
of  the  pit  are  dismantled,  and  the  sand  Is  sifted.  The  collected  frag¬ 
ments  are  weighed  and  sorted  In  weight  groups.  The  data  of  the  explo¬ 
sion  are  recorded. 

The  second  stage  of  the  static  firing-range  test  of  fragmentation 
missiles  Involves  the  explosion  of  the  weapon  In  a  circle  of  divided 
screens.  These  divided  screens  are  positioned  In  a  circle,  each  screen 
a  definite  distance  from  the  other,  so  that  the  entire  scattering 
range  Is  covered.  The  missile  Is  exploded  In  the  very  center.  The 
fragments  formed  In  the  explosion  scatter  In  various  directions, 
striking  the  screens  and  marking  these  with  holes.  After  the  explo¬ 
sion,  the  screens  are  examined  and  the  number  of  holes  In  each  screen 
are  counted.  The  data  from  these  tests  make  It  possible  to  evaluate 
the  nature  of  fragment  scattering  after  the  explosion  as  well  as  to 
find  the  radius  of  continuous  damage,  l.e.,  the  radius  of  the  zone 
In  which  the  density  of  the  flying  fragments  Is  adequate  In  order  to 
have  at  least  two  fragments  strike  the  target. 

After  the  static  explosion  tests,  the  fragmentation  missiles  are 
checked  through  control  firings.  Here  firing  Is  conducted  In  single 
shots  or  In  salvos  along  specially  prepared  corridors,  against  tow 
targets,  etc. 

The  basic  purpose  of  firing  rocket  missiles  to  determine  the 
fragmentation  is  to  verify  the  radius  of  continuous  damage  for  a  mis¬ 
sile  carrying  a  given  fuse  and  the  agreement  of  the  parameters  for  this 
fuse  with  the  design  of  the  weapon. 
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In  recent  times.  In  order  to  derive  the  aerodynamic  characteris¬ 
tics,  It  has  become  the  practice  to  employ  closed  tracks  and  rocket 
sleds.  As  a  rule,  models  are  employed  for  the  track  tests.  The  basic 
advantages  of  the  use  of  tracks  are  the  following; 

the  possibility  of  obtaining  identical  meteorological  conditions 
for  each  shot  (an  aeroballlstic  track),  since  over  a  closed  track  the 
model  Is  not  subject  to  the  effects  of  rain,  snow,  wind,  etc. ; 

the  possibility  of  obtaining  various  densities,  temperatures,  as 
well  as  the  possibility  of  modeling  missile  flight  at  various  altitudes 
(hermetically  sealed  barometric  and  thermobaric  tracks). 

In  comparison  with  wind  tunnels,  tracks  exhibit  the  advantage  that 
there  are.  In  this  case,  no  errors  attributable  to  the  effect  of  hold¬ 
ers  and  walls  In  the  testing  of  models,  as  is  the  case  with  wind  tunnels 
With  tracks  It  Is  comparatively  simple  to  note  changes  In  M(ach) 
and  Re(ynolds)  nvimbers  over  wide  ranges. 

With  respect  to  track  shortcomings,  we  can  cite  the  fact  that  mo¬ 
dels  can  be  used  only  once,  and  we  can  also  mention  the  fact  that  It 
Is  Impossible  to  obtain  the  aerodynamic  characteristics  by  direct  mea¬ 
surements.  In  processing  the  experimental  results,  calculations  must  be 
employed. 

Abroad,  aeroballlstic  tracks  are  structuraly  made  In  the  form  of 
closed  stuctures  some  150  —  200  m  long.  The  models  are  fired  from  a 
weapon  having  a  caliber  of  up  to  300  mm.  The  flight  velocity  of  the 
model  Is  determined  by  means  of  an  obturator  and  a  chronograph.  During 
the  flight,  the  model  Is  photographed  continuously.  The  coefficients 
of  longitudinal  and  lateral  stability  are  frequently  calculated  by 
means  of  cardboard  screens  set  up  along  the  track. 

The  thermobaric  and  barometric  tracks  are  made  almost  Identically 
from  a  structural  standpoint,  and  as  a  rule  they  are  made  In  the  form  of 
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a  metallic  tube  having  a  diameter  of  1000  m  and  a  length  of  100  —  150  m 
These  tubes  are  also  fitted  out  with  a  special  photography  Installa¬ 
tion  and  such  other  measuring  equipment  as  may  be  necessary. 

Tests  with  rocket  sleds  have  recently  become  a  more  common  prac¬ 
tice,  since  they  have  proved  to  be  the  most  promising.  In  this  case, 
particularly  In  the  case  of  tests  conducted  on  actual  objects,  the 
test  conditions  more  closely  approximate  the  actual  conditions  to  be 
encountered. 

For  example.  In  the  USA  rocket  sleds  are  employed  to  test  fuses, 
to  determine  the  effectiveness  of  warheads,  and  a  variety  of  ballistic 
problems  are  solved  with  these  devices;  In  addition,  many  of  the  other 
experiments  associated  with  rocket  and  aviation  engineering  are  car¬ 
ried  out  In  this  majiner. 

As  an  example,  below  we  present  the  description  of  a  rocket-sled 
track  employed  at  the  Holloman  Missile  Developement  Center  (USA). 

The  track  (Pig.  7-8)  Is  a  set  of  rails  Installed  on  a  reinforced 
concrete  base  that  Is  2.9  m  wide,  1.5  m  In  height,  and  sloped  at  a 
ratio  of  1:1000. 

The  entire  track  is  10,670  m  long,  and  the  gauge  of  the  track  Is 
2.13  m.  The  sleds  are  capable  of  developing  velocities  of  900  m/sec, 
and  they  are  capable  of  developing  up  to  100  g  during  acceleration 
and  150  g  during  deceleration. 

In  order  to  decelerate  the  sled,  a  water  channel  0.355  m  deep 
and  1.525  m  wide  has  been  constructed  Into  the  base  of  the  track. 

A  wedge-like  blade  Is  mounted  on  the  sled,  and  this  blade  Is  employed 
to  decelerate  the  sled.  The  various  sled  designs  make  possible  the 
Installation  of  from  1  to  I8  engines,  the  largest  of  which  Is  capable 
of  developing  a  thrust  of  27  tons. 

The  Information-gathering  center  receives  data  from  two  telemetry 
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systems;  a  frequency -modulation  system  and  a  pulse -code  modulation 
system.  The  Incoming  data  are  processed  through  computers. 

The  firing  range  has  been  fitted  out  with  a  variety  of  equipment. 
Including  an  optical  system  of  obturation  photography. 

The  velocity  of  the  rocket  sleds  on  this  track  Is  calculated  as 
follows. 

First  the  maximum  possible  velocity  of  the  sled  Is  determined: 


where  R.  Is  the  thrust  developed  by  the  power  plant;  Is  the  coef- 

flclent  of  the  frontal  resistance  of  the  sled,  with  the  Influence  of 

the  surface  having  been  taken  Into  consideration;  p  Is  the  air  density 

s  Is  the  area  of  the  sled  midsection, 
m 

But  since  the  actual  velocity  of  the  sled,  after  consumption  of 
the  propellant.  Is  a  function  of  the  mass  ratio 


and  the  specific  Impulse 


where  Mq  Is  the  mass  of  the  sled  prior  to  launch;  m^  Is  the  mass  of 
the  sled  after  the  consumption  of  the  propellant; 


Other  Tests  of  Rocket  Missiles 

In  addition  to  the  described  group  of  basic  firing -range  tests, 
both  fragmentation  and  demolition  missiles  are  subject  to  a  number 
of  additional  tests.  Including  the  following: 

1)  control  tests  for  normal  functioning  within  the  given  temper¬ 
ature  Intervals; 

2)  control  tests  for  transportability  and  consei*vatlon  of  all 
combat  properties  during  transportation,  etc. 
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